
- 

N65-29824 
I I 

ff 653 July 65 

A PROGRAM TO DEVELOP A HIGH-ENERGY 
DENSITY PRIMARY BATTERY WITH A MINI- 
MUM OF 200 WATT HOURS PER POUND OF 

TOTAL BATTERY WEIGHT 

William E. Elliott, James R. Huff, 
Robert W. Adler and Warren 1. Towle 

I prepared for 

I NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 

CONTRACT NAS 3-6015 I 

FOURTH QUARTERLY REPORT 
APRIL  -JUNE, 1965 

A RESEARCH REPORT FROM 

G L O B G U N I O N  I N C .  

I 

ELECTRONICS BAHTERV SPECIAL CRODVCTS 



k- 

NOTICE 

This report was prepared as an account of  Government sponsored 
work. Neither the United States, nor the National Aeronautics 
and Space Administration (NASA), nor any person acting on 
behalf o f  NASA: 

A.) Makes any warranty or representation, expressed or 
implied, with respect to the accuracy, completeness, 
or usefulness of the information contained in  this 
report, or that the u u  of any information, apparatus, 
method, or process disclosed in this report may not 
infringe privately owned rights; or 

8,) Assumes any liabilitis; with respect to the use of, 
or for damages resulting from the use of any infor- 
mation, apparatus, method or process disclosed in  
th is report. 

As used above, .person acting on behalf of NASA" includes 
any employee or contractor of  NASA, or employee o f  such con- 
tractor, to the extent that such employee or contractor of NASA, 
or employee of  such contractor prepares, disseminates, or 
provides access to, any information pursuant to his employment 
or contract with NASA, or h is  employment with such contractor. 

Requests for copies of this report should be referred to 

National Aeronautics and Space Administration 
Office of Scientific and Technical Information 
Attention: AFSS-A 
Washington, D. C. 20546 



FOURTH QUARTERLY REPORT 

t 
A PROGRAM TO DEVELOP A HIGH-ENERGY 

DENSITY PRIMARY BATTERY WITH A MINIMUM 
OF 200 WATT HOURS PER POUND OF 

TOTAL BATTERY WEIGHT 

A p r i l  - June ,  1965 

- 
NASA CR-54450 

W i l l i a m  E .  E l l i o t t ,  James R. Huff,  Robert  W .  A d l e r  and Warren L. Towle 

prepared  f o r  

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 

August 9, 1965 

CONTRACT NAS 3-6015 

Technic a 1 Management 
Space Power Systems D i v i s i o n  

N a t i o n a l  Aeronaut ics  and Space A d m i n i s t r a t i o n  
Lewis Research C e n t e r ,  Cleve land ,  Ohio 

M r .  Robert B .  King 

GLOBE-UNION I N C  . 
Applied Research 

900 East  Keefe Avenue 
Milwaukee , Wisconsin 53201 



TABLE OF CONTENTS 

Page 

Summary ................................................... i 

I n t r o d u c t i o n . . . .  .......................................... ii 

A b s t r a c t . .  ................................................ iii 

I. Overall P rogres s  .......................................... 

11. Cur ren t  P rob lems . . . . . . . . .  ................................. 

1 

23 

24 111. Work t o  be Performed i n  t h e  Next Quar te r  .................. 

I V - 1  IV. Test R e s u l t s . .  ............................................ 

V.  D i s t r i b u t i o n  L i s t . . . . . . . . . . . .  ............................. v-1 



LIST OF TABLES AND FIGURES 

Page 

Table  I E l e c t r o c h e m i c a l  Hal f -Cel l  Screening  of Anodes . . . . . . . . .  I V - 1  

Table  I1 E l e c t r o c h e m i c a l  Hal f -Cel l  Screening  of Anodes i n  
P r e t r e a t e d  E l e c t r o l y t e s  ............................... IV-35 

F i g u r e  1 L i n e a r l y  Varying P o t e n t i a l  Scans of Magnesium Anode 
i n  Aluminum C h l o r i d e - A c e t o n i t r i l e  E l e c t r o l y t e  ......... IV-39 

F i g u r e  2 Coulombic E f f i c i e n c y  Determinat ion f o r  Magnesium i n  
Aluminum C h l o r i d e - A c e t o n i t r i l e  E l e c t r o l y t e  ............ I V - 4 0  

Table  I11 E l e c t r o c h e m i c a l  H a l f - C e l l  Screening  of Cathodes . . . . . . .  I V - 4 1  

Table  I V  Discharge of Cells U t i l i z i n g  Disso lved  A c t i v e  
Cathode Materials.. . . . . . . . .  ........................... IV-46 

Table  V Chemical S t a b i l i t y  of Anode Materials i n  
E l e c t r o l y t e  S o l u t i o n s . .  ............................... IV-76 

Table  V I  Chemical S t a b i l i t y  of Cathode Materials i n  
E l e c t r o l y t e  S o l u t i o n s . .  ............................... IV-86 

Table  V I 1  S p e c i f i c  Conductance of S o l u t i o n s . .  ................... IV-94 

F i g u r e  3 Vacuum D i s t i l l a t i o n  Apparatus f o r  P u r i f i c a t i o n  
of S o l v e n t s  ........................................... IV-96 

Table  V I 1 1  E l e c t r o c h e m i c a l  Half-Cel l  Screening  of Anodes i n  
P u r i f i e d  N,N-Dimethylformamide ........................ IV-97 

Table  I X  S p e c i f i c  C o n d u c t i v i t i e s  and R e f r a c t i v e  I n d i c e s  
of D i s t i l l e d  S o l v e n t s .  ................................ IV-99 



r-3 SUMMARY 

i E i g h t y - f i v e  new a n o d e - e l e c t r o l y t e  combinations were s t u d i e d  i n  t h e  con- i; 
t i n u a t i o n  of a s c r e e n i n g  program designed t o  s i n g l e  o u t  t h o s e  systems 

which are most promising f o r  f u r t h e r  development.  Among t h e s e ,  e i g h t  

anode systems could  s u s t a i n  d i s c h a r g e s  a t  100 ma/cm2 w i t h o u t  excessive 

p o l a r i z a t i o n .  An a d d i t i o n a l  for ty- two systems could s u s t a i n  a t  least  

10 ma/cm2. 

were i n i t i a t e d  t o  provide  a more e x t e n s i v e  e l e c t r o c h e m i c a l  e v a l u a t i o n  

of  some of t h e  anode systems which had e x h i b i t e d  promis ing  c h a r a c t e r i s t i c s \ ,  

i n  p r e l i m i n a r y  s t u d i e s .  

\. 

/ 
‘s 

( ,  

L i n e a r l y  v a r y i n g  p o t e n t i a l  and coulombic e f f i c i e n c y  s t u d i e s  

Cupr ic  f l u o r i d e  ca thodes  prepared  by d r y - p r e s s  techniques  e x h i b i t e d  un- 

s a t i s f a c t o r y  e l e c t r o c h e m i c a l  c h a r a c t e r i s t i c s .  Cathodes of l e a d  d i o x i d e  
\ 

I and manganese d i o x i d e  y i e l d e d  performances which were r e p r o d u c i b l e  and 

s u p e r i o r  t o  t h o s e  of c u p r i c  f l u o r i d e ,  b u t  d i d  n o t  perform w e l l  enough t o  

be used i n  a h i g h  energy  d e n s i t y  b a t t e r y .  P r e l i m i n a r y  s t u d i e s  of s o l u b l e  

c a t h o d e  d e p o l a r i z e r  ce l l s  i n d i c a t e d  t h a t  u t i l i z a t i o n  of ca thodes  of t h i s  

k i n d  might  be f e a s i b l e ,  provided t h a t  i t  i s  p o s s i b l e  t o  s e p a r a t e  a s o l u b l e  

c a t h o d e  d e p o l a r i z e r  from a n  anode by some means w i t h o u t  a f f e c t i n g  c e l l  

J 

performance.  

Chemical s t a b i l i t y  tes ts  i n v o l v i n g  p r o s p e c t i v e  e l e c t r o d e  materials i n  

v a r i o u s  e l e c t r o l y t e s  were c a r r i e d  out ,  and s o l v e n t  p u r i f i c a t i o n  by vacuum 

d i s t i l l a t i o n  w a s  under taken  t o  determine i f  t r a c e  i m p u r i t i e s  i n  t h e  s o l v e n t s  

c a n  a f f e c t  e l e c t r o c h e m i c a l  c h a r a c t e r i s t i c s  s i g n i f i c a n t l y .  

i 



INTRODUCTION 

The o b j e c t i v e  of t h i s  r e s e a r c h  i s  t o  deve lop  a pr imary  b a t t e r y  w i t h  a n  

energy  d e n s i t y  of a t  least 200 watt-hours  p e r  pound of t o t a l  b a t t e r y  

weight .  

P r e l i m i n a r y  e l e c t r o c h e m i c a l  e v a l u a t i o n s  of ca lc ium,  l i t h i u m  and magne- 

sium anodes i n  v a r i o u s  e l e c t r o l y t e s  have y i e l d e d  several promising com- 

b i n a t i o n s  t h u s  f a r  and s t u d i e s  have been i n i t i a t e d  t o  e v a l u a t e  some of 

t h e s e  systems more thoroughly .  

E f f o r t s  t o  improve t h e  e l e c t r o c h e m i c a l  c h a r a c t e r i s t i c s  of dry-pressed  

c u p r i c  f l u o r i d e  ca thodes  have been u n s u c c e s s f u l .  C o n c u r r e n t l y ,  c o n s i d -  

e r a t i o n  has  been g i v e n  t o  p o s s i b l e  approaches f o r  e l i m i n a t i n g  some of 

t h e  d i f f i c u l t i e s  a s s o c i a t e d  w i t h  convent iona l  t e c h n i q u e s  of ca thode  

f a b r i c a t i o n .  

ii 
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A PROGRAM TO DEVELOP A HIGH-ENERGY DENSITY PRIMARY BATTERY 

WITH A MINIMUM QF 200 WATT HOURS PER POUND OF TOTAL BATTERY WEIGHT 

W i l l i a m  E. E l l i o t t ,  James R.  Huff, Rober t  W .  Adler  and Warren L. Towle 

ABSTRACT 

E l e c t r o c h e m i c a l  h a l f - c e l l  s c r e e n i n g  of 85 a n o d e - e l e c t r o l y t e  combinat ions 

w a s  c a r r i e d  o u t  and coulombic e f f i c i e n c y  and l i n e a r l y  v a r y i n g  p o t e n t i a l  

s t u d i e s  of anode systems w e r e  i n i t i a t e d .  Cathodes of CuF2, CoF3, Pb02 

and Mn02 were t e s t e d  f o r  e l e c t r o c h e m i c a l  c a p a b i l i t y  and a s t u d y  w a s  made 

of t h e  e l e c t r o c h e m i c a l  c h a r a c t e r i s t i c s  of c e l l s  which u t i l i z e d  s o l u b l e  

c a t h o d e  d e p o l a r i z e r s .  

C o m p a t i b i l i t y  tes ts  i n v o l v i n g  e l e c t r o d e  materials were completed i n  sev-  

e r a l  e l e c t r o l y t e s .  I n  a d d i t i o n ,  a s t u d y  t o  de te rmine  t h e  e f f e c t  of d i s -  

t i l l a t i o n  on s o l v e n t  and e l e c t r o l y t e  p r o p e r t i e s  w a s  under taken .  

i i i  
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I. OVERALL PROGRESS 

P r o g r e s s  d u r i n g  t h e  f o u r t h  q u a r t e r  encompassed work i n  t h e  f o l l o w i n g  

areas : 

1. Elec t rochemica l  h a l f - c e l l  s c r e e n i n g  of anodes.  

2. L i n e a r l y  v a r y i n g  p o t e n t i a l  s t u d i e s  of anodes.  

3 .  Coulombic e f f i c i e n c y  s t u d i e s  of anodes.  

4 .  Development of c a t h o d e s .  F a b r i c a t i o n  and e l e c t r o -  

chemical  s t u d i e s  . 
5. Determina t ion  of t h e  chemical s t a b i l i t y  of e l e c t r o d e  

materials i n  e l e c t r o l y t e  s o l u t i o n s .  

Determina t ion  of t h e  s p e c i f i c  conductance of elec- 

t r o l y t e  s o l u t i o n s .  

6. 

7. P u r i f i c a t i o n  of s o l v e n t s .  

Exper imenta l  Approaches and R e s u l t s .  

1. E l e c t r o c h e m i c a l  Hal f -Cel l  Screening of Anodes. 

a .  Approach. The procedure adopted f o r  r a p i d ,  p r e l i m i n a r y  

e v a l u a t i o n  of p r o s p e c t i v e  a n o d e - e l e c t r o l y t e  systems on 

t h e  b a s i s  of p o l a r i z a t i o n  measurements w a s  d e s c r i b e d  i n  

d e t a i l  i n  t h e  Third Q u a r t e r l y  Repor t .  This  work was 

cont inued  d u r i n g  t h e  f o u r t h  q u a r t e r  t o  i n c l u d e  e i g h t y -  

f i v e  systems which had n o t  been s t u d i e d  p r e v i o u s l y .  I n  

a d d i t i o n ,  t h e  method was a p p l i e d  t o  e v a l u a t i n g  t h e  e f f e c t  

of modifying t h e  e l e c t r o l y t e s  f o r  c e r t a i n  of t h e  systems 

which had been  s t u d i e d  p r e v i o u s l y .  Of s p e c i f i c  i n t e r e s t  

were e l e c t r o l y t e s  t y p i f i e d  by morpholinium hexaf luoro-  

phosphate-N-nitrosodimethy lamine w i t h  a l i t h i u m  anode. 

This sys tem ca.n s u s t a i n  d i s c h a r g e  a t  100 ma/cm2 b u t  t h e  

anode i s  a t t a c k e d  by t h e  e l e c t r o l y t e .  It w a s  observed,  

however, t h a t  t h e  r e a c t i o n  ceased  a f t e r  s e v e r a l  hours  and 

t h a t  t h e  s p e c i f i c  conductance of t h e  r e s u l t a n t  s o l u t i o n  

-I- 



w a s  s t i l l  i n  e x c e s s  of 1 x 

v a l u e  was approximate ly  30$0 lower t h a n  t h e  v a l u e  p r i o r  t o  

exposure t o  l i t h i u m .  Consequently,  i t  w a s  dec ided  t o  

de te rmine  how a l i t h i u m  anode would perform i f  t h e  elec- 

t r o l y t e  were p r e t r e a t e d  w i t h  l i t h i u m  u n t i l  gas  e v o l u t i o n  

ceased .  S e v e r a l  o t h e r  s imi la r  systems were s e l e c t e d  f o r  

t h e  same kind of s t u d y .  

ohm-' c m - l ,  a l though t h e  

b .  R e s u l t s .  The s c r e e n i n g  d a t a  f o r  t h e  e i g h t y - f i v e  new anode 

systems are g i v e n  i n  Table  I,  pages I V - 1  through IV-34. 
Among t h e s e ,  e i g h t  systems could s u s t a i n  d i s c h a r g e  a t  100 

ma/cm2. Forty-two o t h e r s  were q u a l i f i e d  as b e i n g  c a p a b l e  

of d i s c h a r g e  a t  a c u r r e n t  d e n s i t y  of a t  l eas t  10 ma/cm2, 

b u t  less t h a n  100 ma/cm2. 

e x h i b i t e d  e x c e s s i v e  p o l a r i z a t i o n  a t  c u r r e n t  d e n s i t i e s  of  

10 ma/cm2 and were c l a s s i f i e d  as 1, 0.1, o r  less t h a n  0.1 

ma/cm2 c a p a b i l i t y  sys tems.  

The remainder of t h e  systems 

The p o l a r i z a t i o n  d a t a  f o r  l i t h i u m  anodes screened  i n  t h r e e  

e l e c t r o l y t e s  which had been p r e t r e a t e d  w i t h  l i t h i u m  m e t a l  

are p r e s e n t e d  i n  Table  11, pages IV-35 through IV-38, where 

d e t a i l s  of t h e  p r e t r e a t m e n t  are g i v e n  a long  w i t h  t h e  r e s u l t s  

f o r  t h e  s a m e  systems when the e l e c t r o l y t e s  w e r e  n o t  p r e -  

t r e a t e d .  

were s u s t a i n e d  and e x c e s s i v e  decomposi t ion of t h e  anode d i d  

n o t  occur  as i t  had i n  t h e  u n t r e a t e d  e l e c t r o l y t e s .  

a p o s i t i v e  i d e n t i f i c a t i o n  has n o t  been made of t h e  p r o d u c t s  

which are formed upon p r e t r e a t i n g  t h e  e l e c t r o l y t e s  w i t h  

l i t h i u m ,  b u t  work of t :his kind w i l l  be carr ied o u t  i n  t h e  

f u t u r e .  

I n  each c a s e ,  high c u r r e n t  d e n s i t i e s  (10-100 ma/cm2) 

Thus f a r ,  

-2 - 
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2. L i n e a r l y  Varying P o t e n t i a l  S t u d i e s  of Anodes. 

a .  Approach. In previous  h a l f - c e l l  s c r e e n i n g  s t u d i e s ,  c o n s t a n t  

c u r r e n t  techniques  have been u t i l i z e d  almost  e x c l u s i v e l y .  

E f f o r t s  have now been i n i t i a t e d  t o  provide  a more d e t a i l e d  

c h a r a c t e r i z a t i o n  of t h e  e l e c t r o c h e m i c a l  p r o c e s s e s  govern ing  

t h e  performance of promising a n o d e - e l e c t r o l y t e  systems.  

t h i s  purpose,  c o n t r o l l e d  p o t e n t i a l  methods have been adopted.  

I n  p a r t i c u l a r  , t h e  l i n e a r l y  v a r y i n g  p o t e n t i a l  (LVP) t e c h n i q u e  

h a s  been s e l e c t e d  t o  determine whether  o r  n o t  t h e  e l e c t r o -  

chemical  r e a c t i o n  a t  a given anode i n v o l v e s  any r e a c t i o n s  

o t h e r  t h a n  oxida t ion .  of t h e  m e t a l .  

e i t h e r  from o x i d a t i o n  of the m e t a l  through more t h a n  one 

s imple  r e a c t i o n ,  depending upon t h e  n a t u r e  of t h e  p a r t i c u l a r  

e l e c t r o l y t e  and t h e  e l e c t r o d e ,  o r  from o x i d a t i o n  of a component 

of t h e  system, o t h e r  t h a n  the m e t a l ,  which i s  c a p a b l e  of  b e i n g  

o x i d i z e d  i n  t h e  range  o f  p o t e n t i a l s  i n v e s t i g a t e d .  Reac t ions  of 

t h e  l a t t e r  t y p e  could  involve i m p u r i t i e s  i n  t h e  e l e c t r o d e  o r  

e l e c t r o l y t e ,  o r  t h e  e l e c t r o l y t e  i t s e l f .  

For  

Other  r e a c t i o n s  may ar ise  

In t h e  l i n e a r l y  v a r y i n g  p o t e n t i a l  method, t h e  p o t e n t i a l  of a 

s m a l l  t e s t  e l e c t r o d e  of p r e c i s e l y  d e f i n e d  area i s  i m r e a s e d  and 

t h e n  decreased  as a l i n e a r  f u n c t i o n  of t i m e .  By s t a r t i n g  t h e  

s c a n  a t  a p o t e n t i a l  corresponding t o  t h e  open c i r c u i t  v o l t a g e  

of t h e  e l e c t r o d e  b e i n g  s t u d i e d ,  and c o n t i n u i n g  i n  a g i v e n  

d i r e c t i o n ,  t h e  c u r r e n t  w i l l  r i s e  t o  a peak and t h e r e a f t e r  

e i t h e r  level o f f  o r  decrease .  The r ise  i n  c u r r e n t  observed 

i s  a f u n c t i o n  of t h e  k i n e t i c s ,  i . e . ,  t h e  a c t i v a t i o n  p o l a r i z a -  

t i o n  of t h e  r e a c t i o n .  The decay i s  a t t r i b u t a b l e  t o  t h e  f a c t  

t h a t  t h e  r e a c t i o n  ra te  h a s  i n c r e a s e d  w i t h  t h e  changing p o t e n t i a l  

t o  t h e  p o i n t  t h a t  t h e  t r a n s p o r t  of r e a c t a n t s  t o  t h e  e l e c t r o d e  

s u r f a c e  ( o r  of products  away from t h e  e l e c t r o d e  s u r f a c e )  h a s  

become s lower  t h a n  t h e  e l e c t r o d e  p r o c e s s  and, t h u s ,  h a s  l i m i t e d  

t h e  passage  of c u r r e n t .  However, i f  a second r e a c t i o n  c a n  occur  

-3 - 



i n  t h e  range  of p o t e n t i a l  where t h e  f i r s t  r e a c t i o n  i s  t r a n s p o r t  

l i m i t e d ,  t h e  c u r r e n t  may begin t o  i n c r e a s e  a g a i n  as t h e  poten-  

t i a l  i s  c o n t i n u o u s l y  changed and r e s u l t  i n  a second peak o r  

i n f l e c t i o n  i n  t h e  c u r r e n t  versus  p o t e n t i a l  curve .  

The e l e c t r o c h e m i c a l  k i n e t i c s  a p p a r a t u s  employed i n  t h i s  work 

h a s  been d e s c r i b e d  i n  prev ious  r e p o r t s .  The h i g h  scanning  rates 

which c a n  be achieved w i t h  t h i s  equipment permi t  d e t e c t i o n  of 

secondary r e a c t i o n s  which might n o t  be a s c e r t a i n a b l e  from 

c u r r e n t - v o l t a g e  c u r v e s  obta ined  a t  lower sweep rates. 

The a n o d e - e l e c t r o l y t e  systems t o  be s t u d i e d  by t h e  l i n e a r l y  

v a r y i n g  p o t e n t i a l  t echnique  were chosen on t h e  b a s i s  of p r e v i o u s  

h a l f - c e l l  s c r e e n i n g  e v a l u a t i o n s .  Systems c a p a b l e  of s u s t a i n i n g  

h i g h  c u r r e n t  d e n s i t i e s  (100 ma/cm2) are b e i n g  examined f i r s t .  

b .  R e s u l t s .  A l i n e a r l y  vary ing  p o t e n t i a l  s t u d y  was made on t h e  

anode system of Mg i n  an  e l e c t r o l y t e  of 1 mola l  A1C13 i n  a c e t o -  

n i t r i l e .  

a l l  cases. The r e s u l t s  ob ta ined  u s i n g  sweep rates of 30, 100 

and 330 mv/sec. are shown i n  F i g u r e  1, page IV-39. A t  f i r s t ,  

26.45 mm2 of Mg s u r f a c e  were i n  c o n t a c t  w i t h  t h e  s o l u t i o n .  

However, t h e  c u r r e n t s  ob ta ined  were t o o  l a r g e  t o  a l l o w  any 

d e f i n i t i v e  examinat ion  of  the  system. T h e r e f o r e ,  t h e  area of 

t h e  Mg s u r f a c e  i n  c o n t a c t  with t h e  e l e c t r o l y t e  w a s  decreased  t o  

7.55 mm2 b e f o r e  t h e  s c a n s  d e p i c t e d  by c u r v e  I1 were o b t a i n e d .  

Curve I1 i s  t y p i c a l  of  t h e  r e s u l t s  o b t a i n e d  a t  sweep rates of 

30, 100 and 330 mv/sec. 

30 mv/sec. 

area had decreased  t o  approximately 2.9 mi2. 

t h a t  on ly  one r e a c t i o n  i s  t a k i n g  p l a c e  a t  t h e  anode, presumably 

t h e  o x i d a t i o n  of Mg. 

The c o u n t e r  and r e f e r e n c e  e l e c t r o d e s  were Ag/AgCl i n  

C u r v e  111 r e p r e s e n t s  a f i n a l  sweep a t  

A t  t h e  conclus ion  of t h e  exper iment ,  t h e  Mg s u r f a c e  

These d a t a  i n d i c a t e  

I 

L 
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Coulombic E f f i c i e n c y  S t u d i e s  of Anodes. 

a. Approach. Coulombic e f f i c i e n c y  d e t e r m i n a t i o n s  were i n i t i a t e d  

f o r  a n o d e - e l e c t r o l y t e  systems which s u s t a i n e d  c u r r e n t  d e n s i t i e s  

of 100 ma/cm2 i n  t h e  h a l f - c e l l  s c r e e n i n g  e v a l u a t i o n s .  

p rocedure  employed f o r  t h e s e  s t u d i e s  c o n s i s t e d  of d i s c h a r g i n g  

t h e  anode (1 cm2 i n i t i a l  a r e a )  a t  a c o n s t a n t  c u r r e n t  of 50 

m i l l i a m p e r e s  i n  combinat ion w i t h  a s i l v e r - s i l v e r  c h l o r i d e  

ca thode  u n t i l  a l l  of t h e  anode had been consumed. These d i s -  

charges  were n o t  f o r c e d ,  bu t  were allowed t o  proceed sponta-  

neous ly  through a v a r i a b l e  r e s i s t o r  implemented by a t r a n s i s t o r  

c i r c u i t  which a u t o m a t i c a l l y  a d j u s t e d  t h e  r e s i s t a n c e  t o  m a i n t a i n  

c o n s t a n t  c u r r e n t .  

The 

b .  R e s u l t s .  I n i t i a l  e f f o r t s  t o  de te rmine  t h e  coulombic e f f i -  

c i e n c i e s  of promising anode systems were u n s u c c e s s f u l  because 

t h e  ca thodes  became p o l a r i z e d  so  b a d l y  t h a t  spontaneous d i s -  

charge  a t  t h e  chosen rate of $0 m a  w a s  n o t  p o s s i b l e .  Subsequent ly ,  

a l a r g e  s i l ve r  c h l o r i d e  e l e c t r o d e  w a s  employed which f u n c t i o n e d  

e f f e c t i v e l y  . 

E f f i c i e n c y  d e t e r m i n a t i o n s  were l i m i t e d  t o  one system i n  t h i s  

p e r i o d ,  magnesium i n  aluminum c h l o r i d e - a c e t o n i t r i l e  e l e c t r o l y t e .  

Magnesium e l e c t r o d e s  weighing 0.11 grams were d i s c h a r g e d  t o  t h e  

l i m i t  of t h e i r  c a p a c i t y  a t  50 m i l l i a m p e r e s .  This  d i s c h a r g e  rate 

corresponded t o  a c u r r e n t  d e n s i t y  

h i g h e r  c u r r e n t  d e n s i t i e s  as t h e  magnesium w a s  consumed. The 

d i s c h a r g e  curves f o r  two t r i a l s  w i t h  t h i s  system are p r e s e n t e d  

i n  F i g u r e  2, page IV-40. I n  b o t h  cases, a coulombic e f f i c i e n c y  

of 74% w a s  achieved ,  based on a two e l e c t r o n  change f o r  magnesium. 

I n  one case, a s m a l l  fragment of magnesium was observed t o  b r e a k  

o f f  t h e  l e a d  a t  t h e  end of t h e  d i s c h a r g e ,  i n d i c a t i n g  t h a t  a 

h i g h e r  e f f i c i e n c y  could have been achieved  i f  t h i s  had n o t  

happened. 

of 50 ma/cm2 i n i t i a l l y  and 
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4. Development of Cathodes.  F a b r i c a t i o n  and E l e c t r o c h e m i c a l  S t u d i e s .  

a. Approaches. On t h e  b a s i s  of i t s  h i g h  t h e o r e t i c a l  energy  d e n s i t y  

c a p a b i l i t i e s ,  c u p r i c  f l u o r i d e  w a s  t h e  f i r s t  material  s e l e c t e d  

f o r  ca thode  development.  S ince  t h i s  s u b s t a n c e  and most of t h e  

o t h e r  active ca thode  m a t e r i a l s  which were i n i t i a l l y  c o n s i d e r e d  

are n o t  conductors  (and must, t h e r e f o r e ,  b e  e f f e c t i v e l y  combined 

w i t h  conduct ive  a d d i t i v e s )  , t h e  mode of f a b r i c a t i o n  i s  impor tan t  

i n  de te rmining  e l e c t r o c h e m i c a l  performance. 

I n i t i a l l y ,  ca thodes  c o n s i s t i n g  of cupric .  f l u o r i d e  and conduc- 

t i v e  a d d i t i v e s  ( c a r b o n  b lack  o r  me ta l l i c  copper  powder) were 

f a b r i c a t e d  by d r y - p r e s s  techniques  and t h e  e f f e c t s  of v a r y i n g  

composi t ion and f o r m a t i o n  p r e s s u r e  were s t u d i e d .  These e l e c t r o d e s  

were observed t o  p o l a r i z e  a p p r e c i a b l y  even a t  low c u r r e n t  d e n s i t i e s  

(1 ma/cm2) and, i n  g e n e r a l ,  the e l e c t r o c h e m i c a l  c h a r a c t e r i s t i c s  

were n o t  r e p r o d u c i b l e .  The l i m i t a t i o n s  of t h e s e  ca thodes  were 

b e l i e v e d  t o  r e s u l t  p r i m a r i l y  from i n s u f f i c i e n t  i n t i m a t e  c o n t a c t  

of t h e  a c t i v e  material w i t h  t h e  conduct ive  s u b s t r a t e .  Subsequent 

ca thode  development w a s  approached i n  two d i f f e r e n t  ways; p a r t  of 

t h e  e f f o r t  w a s  concerned with deve1opin.g means of a c h i e v i n g  more 

i n t i m a t e  c o n t a c t  of active materials w i t h  t h e  conduct ing  s u b s t r a t e s  

and w i t h  c o n t r o l l i n g  o t h e r  f a c t o r s  which de termine  e l e c t r o d e  per -  

formance, such as p o r o s i t y .  Concurren t ly ,  a t t e n t i o n  w a s  g iven  

t o  modes of a t t a c k  which may make i t  p o s s i b l e  t o  c i rcumvent  t h e  

d i f f i c u l t i e s  and l i m i t a t i o n s  a s s o c i a t e d  w i t h  i n c o r p o r a t i n g  a n  

i n e r t ,  c o n d u c t i v e  element  with t h e  act ive material .  

Regarding t h e  more convent iona l  approach t o  e l e c t r o d e  f a b r i c a t i o n ,  

improved performance was sought d u r i n g  t h i s  p e r i o d  by cont inued  

s t u d y  of t h e  f a b r i c a t i o n  technique i n v o l v i n g  t h e  p a r t i a l  r e d u c t i o n  

of c u p r i c  f l u o r i d e  w i t h  hydrogen gas  ( c f .  Thi rd  Q u a r t e r l y  R e p o r t ) .  

The d e g r e e  of r e d u c t i o n  t o  copper m e t a l  varies w i t h  t h e  t i m e  of 

exposure.  The m e t a l  formed i n  t h i s  manner should  p r o v i d e  t h e  

n e c e s s a r y  conduct ive  s u b s t r a t e .  
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Another phase of t h i s  work w a s  concerned w i t h  deve loping  means 

of i n c r e a s i n g  and c o n t r o l l i n g  t h e  p o r o s i t y  of t h e  e l e c t r o d e s  

t o  de te rmine  i f  t h i s  would have a b e n e f i c i a l  e f f e c t  on e l e c t r o d e  

performance. The method adopted f o r  t h i s  purpose c o n s i s t e d  of 

subl iming  a s o l i d  subs tance  from a dry-pressed  ca thode  p e l l e t  

under reduced p r e s s u r e .  Severa l  p o s s i b l e  subl imable  s u b s t a n c e s  

were c o n s i d e r e d  on t h e  b a s i s  of known vapor  p r e s s u r e - t e m p e r a t u r e  

c h a r a c t e r i s t i c s .  A f t e r  a p r e l i m i n a r y  e x p e r i m e n t a l  s t u d y ,  phenol  

was chosen f o r  u s e .  

F a b r i c a t i o n  of c u p r i c  f l u o r i d e  ca thodes  by a f i l t e r  pad technique  

r e p o r t e d  by a n o t h e r  r e s e a r c h  group was s t a r t e d .  However, no 

e l e c t r o c h e m i c a l  d a t a  have been g e n e r a t e d  t h u s  far because of a 

d e l a y  i n  t h e  a c q u i s i t i o n  of materials.  

concepts  which may e l i m i n a t e  some of t h e  problems and l i m i t a t i o n s  

a s s o c i a t e d  w i t h  convent iona l  approaches t o  ca thode  f a b r i c a t i o n ,  

two d i s t i n c t  p o s s i b i l i t i e s  were e x p l o r e d .  

With r e s p e c t  t o  deve loping  

The f i r s t  of t h e s e  involves  t h e  u s e  of h i g h  energy  d e n s i t y  c a t h o d e  

materials which are non-s to ich iometr ic  compounds. M a t e r i a l s  of 

t h i s  k i n d  are o f t e n  conduct ive i n  themselves  and may e l i m i n a t e  

t h e  need t o  employ i n e r t ,  conduct ive  a d d i t i v e s  and t h e  accompany- 

i n g  f a b r i c a t i o n  problems. The i n i t i a l  e x p e r i m e n t a l  work i n  t h i s  

area involved  t h e  p r e p a r a t i o n  and p r e l i m i n a r y  e l e c t r o c h e m i c a l  

e v a l u a t i o n  of ca thodes  of lead  d i o x i d e  and manganese d i o x i d e .  

These materials have h i g h  t h e o r e t i c a l  energy  d e n s i t y  c h a r a c t e r i s -  

t i c s  and are known n o n - s t o i c h i o m e t r i c  compounds. I n  a d d i t i o n ,  a 

t h e o r e t i c a l  s t u d y  and l i t e r a t u r e  s u r v e y  i s  b e i n g  conducted t o  

se lec t  o t h e r  p o s s i b l e  h igh  energy  den .s i ty  m a t e r i a l s  which are 

n o n - s t o i c h i o m e t r i c  compounds. 

The second approach explored w a s  concerned w i t h  de te rmining  t h e  

f e a s i b i l i t y  of  u t i l i z i n g  s o l u b l e  ca thode  d e p o l a r i z e r s .  Essen- 

t i a l l y ,  a ca thode  o f  t h i s  kind c o n s i s t s  of a c o n c e n t r a t e d  s o l u t i o n  
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of t h e  a c t i v e  ca thode  m a t e r i a l  i n  c o n t a c t  w i t h  a n  i n e r t  con- 

d u c t o r .  U t i l i z a t i o n  of a n  e l e c t r o d e  of t h i s  k ind  o f f e r s  t h e  

f o l l o w i n g  advantages over  s o l i d  ca thodes :  

1) When t h e  active m a t e r i a l  i s  i n  t h e  d i s s o l v e d  s ta te ,  

t h e  problems of h i g h  r e s i s t a n c e  and low e f f i c i e n c y  

r e s u l t i n g  from i n s u f f i c i e n t  c o n t a c t  w i t h  t h e  con- 

d u c t i n g  element  may b e  avoided.  

2)  I n  t h e  f a b r i c a t i o n  of s o l i d  e l e c t r o d e s ,  i t  i s  d e s i r a b l e  

t o  make the s t r u c t u r e  s u f f i c i e n t l y  porous b o t h  t o  p e r -  

m i t  d i f f u s i o n  of t h e  e l e c t r o l y t e  i n t o  t h e  i n n e r  elec- 

t r o a c t i v e  s i tes  and t o  c r e a t e  a n  adequate  number of 

such s i tes .  When t h e  a c t i v e  material  i s  i n  t h e  d i s -  

so lved  s ta te ,  t h i s  problem i s  a l s o  avoided.  

An exper imenta l  s t u d y  w a s  under taken  t o  de te rmine  whether  o r  

n o t  ce l l s  employing s o l u b l e  ca thode  d e p o l a r i z e r s  are (1) o p e r a b l e ,  

and (2)  c a p a b l e  of  d e l i v e r i n g  h i g h  m r r e n t s .  It w a s  b e l i e v e d  

t h a t  i f  c e l l s  could  b e  made which s a t i s f i e d  t h e s e  i n i t i a l  re- 

qui rements ,  f u r t h e r  c o n s i d e r a t i o n  might b e  g i v e n  t o  t h i s  approach,  

provided t h a t  some means of s e p a r a t i n g  a s o l u b l e  ca thode  d e p o l a r i z e r  

from an  anode w i t h o u t  a f f e c t i n g  c e l l  performance i s  p o s s i b l e .  

The s e l e c t i o n  of t h e  f i r s t  act ive ca thode  materials f o r  determin-  

i n g  t h e  f e a s i b i l i t y  of t h e  s o l u b l e  ca thode  approach w a s  based 

upon t h e  f o l l o w i n g  c o n s i d e r a t i o n s .  

F r e e  energy  c a l c u l a t i o n s  f o r  the r e a c t i o n  -- 

y i e l d  a t h e o r e t i c a l  energy d e n s i t y  i n  excess of 1,000 wat t -hours  

p e r  pound. 

ca lc ium)  are such t h a t ,  t h e o r e t i c a l l y ,  i f  an  i n e r t  e l e c t r o d e  i s  

I n  t h i s  case, the  v o l t a g e s  provided  by l i t h i u m  ( o r  
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o p e r a t i n g  a t  a p o t e n t i a l  where i t  c a n  f u n c t i o n  a s  a hydrogen 

e v o l u t i o n  ca thode ,  t h e  Li-H20 c o u p l e  ( o r  Ca-H20) c o u l d  s t i l l  

d e l i v e r  over  200 wat t -hours  p e r  pound. 

w a s  n o t  chosen f o r  t h e  i n i t i a l  exper iments ,  however, because 

of t h e  h i g h  r e a c t i v i t y  of t h e s e  materials toward one a n o t h e r .  

The s t u d y  of t h i s  system would r e q u i r e  e f f e c t i v e  s e p a r a t i o n  

of t h e  r e a c t a n t s ,  which w a s  n o t  t h e  immediate o b j e c t i v e  of 

t h e s e  tes ts  . 

The Li-H20 sys tem 

I n s t e a d ,  i t  was proposed t o  u s e  a n  e l e c t r o l y t e  c a p a b l e  of 

f u r n i s h i n g  hydrogen i o n s  i n  which ca lc ium o r  l i t h i u m  i s  some- 

what s t a b l e .  I n  t h i s  s i t u a t i o n ,  a s o l u b l e  ca thode  d e p o l a r i z e r  

c a p a b l e  of  f u r n i s h i n g  hydrogen i o n s  could f u n c t i o n  as a hydrogen 

e v o l u t i o n  ca thode  a t  an  i n e r t  e l e c t r o d e  w i t h  a low hydrogen 

o v e r p o t e n t i a l .  S i n c e  t h e  purpose of t h e  experiments  w a s  t o  

demonst ra te  o p e r a b i l i t y ,  the  d e p o l a r i z e r  was n o t  r e q u i r e d  t o  

b e  of low e q u i v a l e n t  weight .  

The f i r s t  material  selected f o r  t h i s  purpose was morpholinium 

hexaf luorophosphate .  In previous  anode h a l f - c e l l  s c r e e n i n g  

tests i n  which s o l u t i o n s  of t h i s  s u b s t a n c e  were employed as 

t h e  e l e c t r o l y t e ,  i t  had been observed t h a t  gas  e v o l u t i o n  occurred  

a t  t h e  ca thode  as t h e  cathode p o l a r i z e d .  The assumption t h a t  

t h i s  gas  was hydrogen was based on t h e  f a c t  t h a t  t h e  ca thode  

v o l t a g e  w a s  about  -1.0 versus  a s i l v e r - s i l v e r  c h l o r i d e  reference, 

which could  p e r m i t  t h e  hydrogen e v o l u t i o n  r e a c t i o n  t o  proceed.  

Morpholinium hexafluorophosphate  s a t i s f i e d  t h e  a d d i t i o n a l  re- 

quirement  of h i g h  s o l u b i l i t y  i n  nonaqueous s o l v e n t s ,  forming 

h i g h l y  conduct ive  s o l u t i o n s .  Although s o l u t i o n s  of t h e  s u b s t a n c e  

are somewhat r e a c t i v e  toward c a l c i u m  and l i t h i u m ,  t h e  ra te  of 

r e a c t i o n  i s  n o t  p r o h i b i t i v e  f o r  t h e s e  exper iments .  
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The f i r s t  c e l l s  c o n s t r u c t e d  which employed t h i s  m a t e r i a l  as 

a s o l u b l e  ca thode  d e p o l a r i z e r  were e s s e n t i a l l y  of  t h e  r e s e r v e  

a c t i v a t e d  type ,  i .e . ,  t h e  anode and a n  i n e r t  conduct ing  elec- 

t r o d e  (connected through the  e x t e r n a l  c i r c u i t )  w e r e  p o s i t i o n e d  

i n  t h e  same c o n t a i n e r .  The c e l l  was t h e n  a c t i v a t e d  by a d d i t i o n  

of a s o l u t i o n  of t h e  cathode d e p o l a r i z e r - e l e c t r o l y t e  and d i s -  

charge  was c a r r i e d  o u t  u n t i l  v i r t u a l l y  a l l  of t h e  anode had 

been consumed. The anode m a t e r i a l  employed i n  t h e  f i r s t  c e l l s  

of t h i s  type was calcium; a c e t o n i t r i l e  w a s  used as t h e  s o l v e n t  

f o r  t h e  morpholinium hexafluorophosphate .  S i l v e r  f o i l  and 

carbon were employed i n i t i a l l y  as t h e  i n e r t  e l e c t r o d e s .  Sub- 

s e q u e n t l y ,  materials were u t i l i z e d  which f a v o r  t h e  hydrogen 

e v o l u t i o n  r e a c t i o n ,  i . e . ,  conductors  were chosen f o r  which the 

hydrogen o v e r p o t e n t i a l  is small. These i n c l u d e d  p l a t i n i z e d  

p la t inum,  p l a t i n i z e d  carbon and s i n t e r e d  n i c k e l .  

I n  some of t h e  exper iments ,  a d d i t i o n a l  s o u r c e s  of hydrogen 

i o n s  were added t o  t h e  morpholinium hexaf luorophosphate  s o l u t i o n  

t o  de te rmine  what e f f e c t  they would have on t h e  c e l l  p e r f o r -  

mance, i . e . ,  s m a l l  q u a n t i t i e s  of water o r  aqueous s u l f u r i c  a c i d  

were added t o  t h e  ca thode  s o l u t i o n .  

Upon comple t ion  of t h e  s tudy  of several s m a l l ,  r e s e r v e  a c t i v a t e d  

ce l l s  of t h e  t y p e  d e s c r i b e d  above, t h e  c o n s t r u c t i o n  of l a r g e r ,  

more e l a b o r a t e  ce l l s  was undertaken.  I n  t h e s e  ce l l s ,  t h e  anode 

and ca thode  s o l u t i o n s  were s i t u a t e d  i n  two d i f f e r e n t  compart- 

ments,  s e p a r a t e d  from one another  by a t h i n ,  permeable carbon 

w a l l .  I n  t h e  anode compartment, a n  e l e c t r o l y t e  w a s  used t h a t  

d i d  n o t  c a u s e  s e l f - d i s c h a r g e  of t h e  anode. Ths u s e  of porous 

carbon t o  s e p a r a t e  t h e  a n o l y t e  and c a t h o l y t e  l i m i t e d  t h e  r a t e  

of i n t e r d i f f u s i o n  of t h e  two s o l u t i o n s ,  and t h e r e b y  reduced the  

r a t e  of a t t a c k  of t h e  anode by t h e  s o l u b l e  ca thode  mater ia l .  

The carbon d i v i d e r  w a s  a l so  u t i l i z e d  as t h e  i n e r t  e l e c t r o d e  f o r  

t h e  ca thode .  
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Li th ium and ca lc ium anodes were used i n  t h e s e  c e l l s  and t h e  

s u b s t a n c e s  employed as cathode d e p o l a r i z e r s  inc luded  nonaqueous 

s o l u t i o n s  of morpholinium hexafluorophosphate  and aqueous 

s o l u t i o n s  of s u l f u r i c  a c i d .  I n  a d d i t i o n ,  two ce l l s  were t e s t e d  

t h a t  employed s o l u t i o n s  of  cuprous c h l o r i d e  and c u p r i c  c h l o r i d e  

as t h e  ca thode  d e p o l a r i z e r s .  

b .  R e s u l t s .  

1) P r e p a r a t i o n  of Porous Cathodes by Subl imat ion .  Upon com- 

p l e t i o n  of a p r e l i m i n a r y  e x p e r i m e n t a l  s t u d y ,  phenol  was 

s e l e c t e d  as a p o s s i b l e  subs tance  t o  b e  sublimed from dry-  

p r e s s e d  ca thodes  f o r  the  purpose  of i n c r e a s i n g  p o r o s i t y .  

Subsequent  experiments  i n d i c a t e d  t h a t  approximately 92% of 

t h e  phenol  i n i t i a l l y  present* i n  c u p r i c  f l u o r i d e  p e l l e t s  

could  be removed by s u b l i m a t i o n  i n  a vessel  i n  which t h e  

p r e s s u r e  w a s  reduced t o  0.5-1 mm of mercury.  This  d e g r e e  

of removal was e f f e c t e d  by m a i n t a i n i n g  t h e  tempera ture  of  

t h e  water b a t h  surrounding t h e  v e s s e l  a t  approximate ly  

26Oc f o r  s e v e n t e e n  hours.  The d e c r e a s e  i n  weight  of t h e  

p e l l e t s  a f t e r  t h i s  i n t e r v a l  w a s  assumed t o  r e p r e s e n t  t h e  

weight  of phenol which had been sublimed. 

examinat ion  of t h e  p e l l e t s  r e v e a l e d  t h e  p r e s e n c e  of de- 

p r e s s i o n s  o r  v o i d  s p o t s  which had n o t  been observed p r i o r  

t o  s u b l i m a t i o n .  Extended t r e a t m e n t  of t h e  p e l l e t s  a t  

reduced p r e s s u r e  beyond t h e  i n i t i a l  s e v e n t e e n  hour p e r i o d  

d i d  n o t  r e s u l t  i n  f u r t h e r  s i g n i f i c a n t  weight  l o s s e s  even 

a t  tempera tures  o f  40'~. 
a p p l i e d  t o  c o b a l t  t r i f l u o r i d e  p e l l e t s  , v i r t u a l l y  lO@ 

removal o f  phenol  w a s  e f f e c t e d .  

Microscopic  

However, when the method w a s  

* I n i t i a l  composi t ion  of c u p r i c  f l u o r i d e  p e l l e t s :  %O$o CuF2, 16% phenol  
and 4% Solka-Floc b i n d e r .  



The r e s u l t s  of t h i s  work i n d i c a t e d  t h a t  t h e  method could  

b e  u s e f u l  f o r  c o n t r o l l i n g  t h e  p o r o s i t y  of e l e c t r o d e s .  

Although no v i s i b l e  ev idence  of r e a c t i o n  w a s  observed upon 

combining phenol  w i t h  c u p r i c  f l u o r i d e  o r  c o b a l t  t r i f l u o r i d e ,  

i t  was r e a l i z e d  t h a t  t h e  p o s s i b i l i t y  of i n t e r a c t i o n s  of 

t h e s e  materials should  b e  c o n s i d e r e d  i n  t h e  f u r t h e r  eva lua-  

t i o n  of t h e  method. 

Porous c u p r i c  f l u o r i d e  cathodes p r e p a r e d  by subl iming  phenol  

were s u b s e q u e n t l y  t r e a t e d  w i t h  hydrogen gas  t o  e f f e c t  p a r t i a l  

r e d u c t i o n  of t h e  a c t i v e  material  f o r  t h e  purpose of provid ing  

a conduct ive  s u b s t r a t e .  The e v a l u a t i o n  of t h e s e  e l e c t r o d e s  

i s  p r e s e n t e d  below, where t h e  f u r t h e r  a p p l i c a t i o n  of t h e  

p a r t i a l  r e d u c t i o n  technique i s  d i s c u s s e d .  

2) Cupric  F l u o r i d e  and Cobal t  T r i f l u o r i d e  Cathodes T r e a t e d  w i t h  

Hydrogen Gas. Pre l iminary  i n v e s t i g a t i o n  of t h i s  technique  

d u r i n g  t h e  t h i r d  q u a r t e r  i n d i c a t e d  t h a t  p a r t i a l  r e d u c t i o n  

of c u p r i c  f l u o r i d e  p e l l e t s  w i t h  a c u r r e n t  of hydrogen gas  

could b e s t  be c o n t r o l l e d  i f  t h e  gas  were main ta ined  a t  a 

tempera ture  of ca. 130cC. P a r t i a l  r e d u c t i o n  t o  m e t a l l i c  

copper w a s  confirmed q u a l i t a t i v e l y  by X-ray d i f f r a c t i o n  

a n a l y s i s .  Attempts  t o  f a b r i c a t e  c u p r i c  f l u o r i d e  ca thodes  

w i t h  improved e l e c t r o c h e m i c a l  c h a r a c t e r i s t i c s  by t h i s  tech-  

n ique ,  however, were u n s u c c e s s f u l .  P o l a r i z a t i o n  w a s  e x t e n -  

sive even a t  c u r r e n t  d e n s i t i e s  of 1 ma/c.m2 f o r  each of 

several e l e c t r o d e s  prepared by t h i s  method. The e l e c t r o -  

chemical  c h a r a c t e r i s t i c s  d i d  n o t  d i f f e r  s i g n i f i c a n t l y  f o r  

any of t h e  e l e c t r o d e s ,  with t h e  e x c e p t i o n  that-  t h e  i n i t i a l  

open c i r c u i t  v o l t a g e s  d i f f e r e d  i n  some cases. 

The p o l a r i z a t i o n  d a t a  f o r  two c u p r i c  f l u o r i d e  ca thodes  of 

t h i s  k i n d  are p r e s e n t e d  i n  Table  111, s e c t i o n  A ,  page IV-42. 
These r e s u l t s  are t y p i c a l  of  a l l  t h o s e  obtain.ed f o r  c u p r i c  

f l u o r i d e  ca thodes  i n  this p a r t i c u l a r  series of exper iments .  
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The p a r t i a l  r e d u c t i o n  technique  w a s  a l s o  a p p l i e d  i n  t h e  

f a b r i c a t i o n  of c o b a l t  t r i f l u o r i d e  c a t h o d e s .  I n i t i a l  

a t t e m p t s  t o  p a r t i a l l y  reduce t h i s  material  w i t h  hydrogen 

were u n s u c c e s s f u l ,  a s  confirmed by X-ray d i f f r a c t i o n  

a n a l y s i s .  P r i o r  t o  o b t a i n i n g  t h i s  i n f o r m a t i o n ,  however, 

t h r e e  c o b a l t  t r i f l u o r i d e  c a t h o d e s  were t e s t e d  f o r  elec- 

t rochemica l  c a p a b i l i t y .  The d a t a  f o r  t h e s e  e l e c t r o d e s  

are p r e s e n t e d  i n  Table  111, s e c t i o n  B ,  page IV-43. 
e l e c t r o c h e m i c a l  c h a r a c t e r i s t i c s  were poor ,  be ing  comparable 

t o  t h o s e  of t h e  c u p r i c  f l u o r i d e  e l e c t r o d e s .  

The 

E l e c t r o c h e m i c a l  Screening of Lead Dioxide and Manganese 

Dioxide Cathodes.  The r e s u l t s  f o r  e l e c t r o d e s  of PbO, and 

Mn02 are l i s t e d  i n  Table 111, s e c t i o n s  C and D, r e s p e c t i v e l y ,  

pages IV-44 and IV-45. 
of t h e s e  e l e c t r o d e s  were q u i t e  r e p r o d u c i b l e  i n  two t r i a l s  

and were s u p e r i o r  t o  those of c u p r i c  f l u o r i d e  and c o b a l t  

t r i f l u o r i d e .  Performance, however, w a s  n o t  s a t i s f a c t o r y  

f o r  a h i g h  energy  d e n s i t y  b a t t e r y ,  s i n c e  t h e  degree  of 

p o l a r i z a t i o n  became q u i t e  h i g h  a t  a c u r r e n t  d e n s i t y  of 

5 ma/cm2. 

f o r m a t i o n  were a l s o  observed i n  t h e s e  tes ts .  

The e l e c t r o c h e m i c a l  c h a r a c t e r i s t i c s  

C o l o r a t i o n  of t h e  e l e c t r o l y t e s  and s o l i d  product  

The e l e c t r o l y t e s  which have been used i n  t h e  p r e l i m i n a r y  

e l e c t r o c h e m i c a l  e v a l u a t i o n  of CuF2, CoF3, PbO, and MnOg 

ca thodes  were chosen a s  b e i n g  r e p r e s e n t a t i v e  of some of 

t h e  b e t t e r  e l e c t r o l y t e s  which were developed i n  t h e  ear l ie r  

phases  of t h e  program (conductance s t u d i e s  and anode s c r e e n i n g ) .  

Although t h e  n a t u r e  of the  e l e c t r o l y t e  i s  h i g h l y  impor tan t  

i n  d e t e r m i n i n g  e l e c t r o d e  performance,  t h i s  e f f e c t  cannot  be 

a d e q u a t e l y  e v a l u a t e d  u n t i l  methods of ca thode  f a b r i c a t i o n  
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are developed which permit  e f f e c t i v e  u t i l i z a t i o n  of a g i v e n  

a c t i v e  ca thode  material .  R e p r o d u c i b i l i t y  of e l e c t r o d e  p e r -  

formance i n  a g i v e n  e l e c t r o l y t e  must a l s o  b e  achieved  b e f o r e  

comparisons c a n  b e  made w i t h  o t h e r  e l e c t r o l y t e s .  Because 

t h e s e  requi rements  have n o t  been s a t i s f i e d  by most of t h e  

ca thodes  t e s t e d  t o  d a t e ,  e l e c t r o c h e m i c a l  s t u d i e s  have been 

conf ined  t o  e l e c t r o l y t e s  u t i l i z i n g  two r e p r e s e n t a t i v e  

s o l u t e s :  

f luorophosphate .  

MgC1, and N-phenyl N,N,N-trimethylarmonium hexa- 

4 )  E l e c t r o c h e m i c a l  S t u d i e s  of t h e  F e a s i b i l i t y  of U t i l i z i n g  

Dissolved Active Cathode Materials. Nine teen  c e l l s  which 

employed s o l u b l e  cathode d e p o l a r i z e r s  were c o n s t r u c t e d  and 

d i s c h a r g e d  i n  t h i s  per iod .  The d e t a i l s  of c o n s t r u c t i o n  and 

t h e  d i s c h a r g e  d a t a  a r e  presented  i n  Table  I V ,  pages IV-46 
through IV-75, where in  each c e l l  i s  d e s i g n a t e d  by t h e  anode 

and a c t i v e  ca thode  m a t e r i a l .  

The f i r s t  c e l l s  were of t h e  reserve a c t i v a t e d  t y p e  d e s c r i b e d  

i n  t h e  s e c t i o n  on exper imenta l  approaches.  These were s m a l l  

c e l l s  (anodes and cathodes of ca. 1 cm2 area) and were com-, 

p r i s e d  of ca lc ium anodes and morpholinium hexaf luorophosphate  

c a t h o d e - e l e c t r o l y t e s .  The ce l l s  which performed b e s t  among 

t h e s e  e x h i b i t e d  v o l t a g e s  of  ca. 1.4 v o l t s  w h i l e  d e l i v e r i n g  

c u r r e n t s  of approximately 1 5  m i l l i a m p e r e s .  A t  somewhat 

h i g h e r  c u r r e n t s  (20-25 m a ) ,  v o l t a g e s  as h i g h  as 1.25 v o l t s  

were observed.  A t  s t i l l  h i g h e r  c u r r e n t s  (40-60 m a ) ,  t h e  

cor responding  v o l t a g e s  were about  0.5 v o l t s  i n  t h e  b e t t e r  

c e l l s .  

Ceils u t i l i z i n g  i n e r t  cathode c u r r e n t  c o l l e c t o r s  of p l a t i n i z e d  

p la t inum,  p l a t i n i z e d  carbon o r  s i n t e r e d  n i c k e l  performed 

b e t t e r  t h a n  t h o s e  which used pure  carbon,  as w a s  expec ted .  I n  
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g e n e r a l ,  t h e  performance of c e l l s  which used p l a t i n i z e d  

i n e r t  e l e c t r o d e s  was b e t t e r  t h a n  t h o s e  employing s i n t e r e d  

n i c k e l .  

Other  s m a l l  c e l l s  were a l s o  assembled w i t h  ca lc ium anodes 

and morpholinium hexafluorophosphate  ca thode  s o l u t i o n s ,  

b u t  d i f f e r e d  from the previous  c e l l s  i n  t h a t  water o r  

aqueous s u l f u r i c  a c i d  was added t o  t h e  cathode d e p o l a r i z e r  

s o l u t i o n .  Addi t ion  of t h e s e  materials enhanced t h e  p e r -  

formance of t h e  c e l l s ,  a l t h o u g h  t h e y  caused t h e  c a l c i u m  t o  

s e l f - d i s c h a r g e  a t  a g r e a t e r  r a t e .  

One s m a l l  c e l l  (1 cm2, anode) of t h e  r e s e r v e  a c t i v a t e d  

t y p e  w i t h  l i t h i u m  as the anode and morpholinium h e x a f l u o r o -  

phosphate  s o l u t i o n  as t h e  ca thode  e x h i b i t e d  v o l t a g e s  of 

1.70 t o  1.00 v o l t s  while  d e l i v e r i n g  a c u r r e n t  v a r y i n g  

between 17 and 10 mi l l iamperes .  

The remaining ce l l s  were a l l  of t h e  second g e n e r a l  t y p e  

d e s c r i b e d  i n  t h e  s e c t i o n  on e x p e r i m e n t a l  approaches,  i . e . ,  

t h e  anode and ca thode  compartments w e r e  s e p a r a t e d  from one 

a n o t h e r  by a p l a t i n i z e d  porous carbon d i v i d e r .  S e v e r a l  

v a r i a t i o n s  of t h i s  b a s i c  d e s i g n  were employed, t h e  d e t a i l s  

of which are presented  w i t h  t h e  d i s c h a r g e  d a t a .  I n  t h e  

ce l l s  i n  which l i t h i u m  w a s  employed as t h e  anode, t h e  area 

of t h e  anode was much l a r g e r  t h a n  had been u t i l i z e d  i n  t h e  

i n i t i a l  c e l l s .  

Among t h e s e ,  t h e  b e s t  performances were a t t a i n e d  when l i t h i u m  

w a s  u t i l i z e d  a s  t h e  anode and aqueous s u l f u r i c  a c i d ,  cuprous 

c h l o r i d e  o r  c u p r i c  c h l o r i d e  s o l u t i o n s  as t h e  ca thode .  I n  

some cases, c e l l  v o l t a g e s  i n  e x c e s s  of  two v o l t s  were 

main ta ined  over  d i s c h a r g e  p e r i o d s  of s e v e r a l  hours  a t  a 
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d i s c h a r g e  r a t e  of  ca. 70 mil l iamperes .  

d i s c h a r g e s  were c a r r i e d  o u t  a t  much h i g h e r  rates (200- 

500 m i l l i a m p e r e s )  f o r  p e r i o d s  of up t o  one hour .  

I n  o t h e r  c a s e s ,  

Vol tages  

v a r y i n g  between 2.0 and 1.0 were observed under  t h e s e  con- 

d i t i o n s  i n  t h e  b e t t e r  c e l l s .  I n  s t i l l  o t h e r  cases, 

v o l t a g e s  v a r y i n g  between 2.95 and 2.50 w e r e  observed a t  

lower d i s c h a r g e  rates (25-50 m i l l i a m p e r e s ) .  

The e f f e c t s  of v a r i a t i o n  i n  c e l l  d e s i g n  on performance 

are t o o  numerous t o  mention h e r e  and, indeed ,  s i n c e  d e t e r -  

mining t h e  f e a s i b i l i t y  of  t h i s  type  of o p e r a t i o n  w a s  t h e  

major purpose o f  t h e s e  exper iments ,  an a n a l y s i s  of t h e s e  

e f f e c t s  i s  n o t  a p p r o p r i a t e  a t  t h i s  t i m e .  

I n  view of t h e  f ac t  t h a t  ce l l s  of t h i s  k ind  were o p e r a b l e  

and c a p a b l e  of  d e l i v e r i n g  s u b s t a n t i a l  c u r r e n t s ,  i t  w a s  con- 

c luded  t h a t  f u r t h e r  c o n s i d e r a t i o n  might  be g iven  t o  t h i s  

approach, provided t h a t  some means of s e p a r a t i n g  a s o l u b l e  

ca thode  d e p o l a r i z e r  from an  anode w i t h o u t  a f f e c t i n g  c e l l  

performance i s  p o s s i b l e .  

Determina t ion  of t h e  Chemical S t a b i l i t y  of E l e c t r o d e  M a t e r i a l s  i n  

E l e c t r o l y t e  S o l u t i o n s .  

a. Approach. The procedure  adopted f o r  s t a b i l i t y  d e t e r m i n a t i o n s  

a t  room tempera ture  was d e s c r i b e d  i n  t h e  Thi rd  Q u a r t e r l y  Report .  

Normally, i f  an  e l e c t r o d e - e l e c t r o l y t e  sys tem e x h i b i t s  r e a c t i v i t y  

d u r i n g  a n  i n i t i a l  twenty-four hour  exposure p e r i o d ,  no f u r t h e r  

s t u d y  of s t a b i l i t y  i s  made. 

of t h e  anode systems tested f o r  two week p e r i o d s  had e x h i b i t e d  

i n s t a b i l i t y  i n  prev ious  twenty-four hour  tes ts .  Longer observa-  

t i o n s  were d e s i r e d  because t h e  systems e x h i b i t e d  h i g h  e l e c t r o -  

chemical  c a p a b i l i t y  i n  h a l f - c e l l  s c r e e n i n g  tes ts  and because i t  

was observed t h a t  r e a c t i o n  ceased  a f t e r  an  i n i t i a l  exposure  

p e r i o d .  

I n  t h e  p a s t  q u a r t e r ,  however, some 
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Twenty-four hour  t es t s  were c a r r i e d  o u t  w i t h  CuF2, CoF3, 

MnO, ca thode  m a t e r i a l s ,  and copper  m e t a l  i n  several e l e c t r o -  

l y t e s  which had n o t  been t e s t e d  p r e v i o u s l y .  

b .  R e s u l t s .  The d a t a  f o r  two week s t a b i l i t y  tes ts  i n v o l v i n g  

calcium, l i t h i u m  o r  magnesium anodes i n  s i x t e e n  e l e c t r o l y t e s  

are l i s t e d  i n  Table  V ,  pages IV-65 through IV-85. I n  t h e  case 

of t h e  systems which had e x h i b i t e d  some r e a c t i v i t y  i n  p r e v i o u s  

twenty-four  hour tests,  decomposi t ion of t h e  anode materials 

w a s  a p p r e c i a b l e .  However, s i n c e  o t h e r  tests have i n d i c a t e d  

t h a t  r e a c t i o n  ceases i n  systems of t h i s  k i n d  a f te r  a n  i n i t i a l  

exposure  p e r i o d  ( c f .  h a l f - c e l l  s c r e e n i n g  exper iments ,  Table  11), 

i t  i s  e v i d e n t  t h a t  t h e  s t a b i l i t y  t e s t  procedure should  be 

modi f ied .  I n  t h e  f u t u r e ,  systems of t h i s  k ind  w i l l  b e  p r e t r e a t e d  

w i t h  t h e  g i v e n  anode m a t e r i a l  u n t i l  r e a c t i o n  ceases, and a f t e r  

t h i s  t i m e ,  t h e  r e s u l t a n t  s o l u t i o n  ( f i l t e r e d )  w i l l  b e  t e s t e d  f o r  

s t a b i l i t y  w i t h  a f r e s h  s t r i p  of t h e  anode mater ia l .  

The d a t a  f o r  ca thode  s t a b i l i t y  tests of twenty-four  h o u r s  

d u r a t i o n  i n v o l v i n g  CuF2, CoF3, MnO, and copper  meta l  i n  several 

e l e c t r o l y t e s  are g i v e n  i n  Table V I ,  pages IV-86 through IV-93. 

6. Determina t ion  of t h e  S p e c i f i c  Conductance of E l e c t r o l y t e  S o l u t i o n s .  

S i n c e  t h e  i n c e p t i o n  of t h e  e l e c t r o c h e m i c a l  s c r e e n i n g  program f o r  

a n o d e - e l e c t r o l y t e  systems,  s e v e r a l  e l e c t r o l y t e s  have been u t i l i z e d  

€ o r  which t h e  conductance va lues  had n o t  been  determined p r e v i o u s l y .  

These e l e c t r o l y t e s  were chosen because of t h e i r  s i m i l a r i t y  t o  some 

o f  t h e  o t h e r  e l e c t r o l y t e s  which have been employed. The conductance 

v a l v e s  were determined as a m a t t e r  ‘of r o u t i n e  a t  t h e  t i m e  of t h e  

e l e c t r o c h e m i c a l  s c r e e n i n g  t e s t s  and have been combined i n  Table  V I I ,  

pages IV-94 and IV-95, f o r  p r e s e n t a t i o n  a t  t h i s  t i m e .  Values v a r i e d  

from 4.20 x t o  4.52 x ohm-’ c m - I .  
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7. P u r i f i c a t i o n  of S o l v e n t s .  

a .  Approach. The s o l v e n t s  u t i l i z e d  f o r  e l e c t r o l y t e s  i n  t h e  v a r i o u s  

phases  of t h e  exper imenta l  program have been of t h e  h i g h e s t  

p u r i t y  commercial ly  a v a i l a b l e  ( c f .  Thi rd  Q u a r t e r l y  Report  f o r  

names of s u p p l i e r s  and s u p p l i e r s '  s p e c i f i c a t i o n s  of p u r i t y ) .  

C o n t r o l s  f o r  checking t h e  c o n s i s t e n c y  of t h e  p u r i t y  of s o l v e n t s  

as r e c e i v e d  from t h e  s u p p l i e r s  have been e f f e c t e d  by r e g u l a r l y  

measuring t h e  c o n d u c t i v i t y  of t h e  s o l v e n t s  and of t h e  e l e c t r o -  

l y t e s  prepared  from them. I n  t h e  c o u r s e  of making t h e s e  c o n t r o l  

measurements i n  t h e  v a r i o u s  phases  of t h e  exper imenta l  work, i .e . ,  

e l e c t r o c h e m i c a l  h a l f - c e l l  s c r e e n i n g ,  chemical  s t a b i l i t y  d e t e r -  

mina t ions  and conductance s t u d i e s ,  a h i g h  degree  of r e p r o d u c i -  

b i l i t y  of e l e c t r o l y t e  c o n d u c t i v i t y  h a s  been observed.  

f o r  example, r e p e a t e d  d e t e r m i n a t i o n s  of t h e  c o n d u c t i v i t y  of I 
mola l  morpholinium hexafluorophosphate-dimethylformamide 

s o l u t i o n s  used i n  v a r i o u s  s t u d i e s  d u r i n g  t h e  p a s t  s e v e r a l  months 

have y i e l d e d  t h e  f o l l o w i n g  v a l u e s :  

Thus, 

S p e c i f i c  Conductance (ohm'' c m - l )  

2.57 x 
2.68 x 

2.89 x io-" 
2.66 x 

2.68 x low2 

A comparable d e g r e e  of r e p r o d u c i b i l i t y  h a s  g e n e r a l l y  been 

observed f o r  t h e  o t h e r  e l e c t r o l y t e s  s t u d i e d  i n  t h e  program. 

These r e s u l t s  a t t e s t  t o  t h e  r e l i a b i l i t y  of  t h e  q u a l i t y  of t h e  

s o l v e n t s  and s o l u t e s  u t i l i z e d .  Conductance v a l u e s  determined 

f o r  p u r e  s o l v e n t s  (no  s o l u t e )  have agreed  w i t h  l i t e r a t u r e  v a l u e s  

w i t h i n  a n  o r d e r  of magnitude. S i n c e  l i t e r a t u r e  v a l u e s  r e p o r t e d  

by v a r i o u s  i n v e s t i g a t o r s  d i f f e r e d  among themselves  by as much 

as a n  o r d e r  of magnitude €or  t h e  s a m e  s o l v e n t s  ( h i g h  p u r i t y ) ,  a 

much c l o s e r  agreement would n o t  g e n e r a l l y  b e  expected.  
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The conductance of s o l v e n t s  being used i s  t y p i c a l l y  i n  t h e  

range  - ohm‘’ cm-l, w h i l e  t h e  cor responding  elec- 

t r o l y t e  conductances are of  the  o r d e r  of ohm” c m - l .  

It i s  a p p a r e n t  t h a t  s o l v e n t  c o n d u c t i v i t y  v a r i a t i o n s  of an  

o r d e r  of magnitude w i l l  c o n t r i b u t e  n e g l i g i b l y  t o  e l e c t r o l y t e  

conductance i n  t h e i r  systems,  e x c e p t  i n  p o s s i b l e  cases where 

a s o l v e n t  i m p u r i t y  could  have a s y n e r g i s t i c  e f f e c t  on elec- 

t r o l y t e  conductance.  

I n  accord w i t h  Technica l  D i r e c t i o n  No. 1, work has  been under- 

t a k e n  t o  de te rmine  whether  or n o t  t h e  p r e s e n c e  of r e s i d u a l  

( t race)  i m p u r i t i e s ,  such as water, i n  t h e  s o l v e n t s  can i n f l u e n c e  

t h e  e l e c t r o c h e m i c a l  and chemical behavior  of e l e c t r o d e s  t o  a 

s i g n i f i c a n t  degree .  An a d d i t i o n a l  o b j e c t i v e  of t h i s  work i s  

t o  provide  a more e x t e n s i v e  c h a r a c t e r i z a t i o n  of s o l v e n t  p u r i t y .  

I n i t i a l  p u r i f i c a t i o n  w i l l  be accomplished by d i s t i l l a t i o n .  A 

vacuum d i s t i l l a t i o n  appara tus  has  been s e t  up f o r  t h i s  purpose 

(see F i g u r e  3 , page IV-96). The d i s t i l l a t i o n  a p p a r a t u s  i n c l u d e s  

a 1000 m l  d i s t i l l i n g  f l a s k  and a vacuum-jacketed column which i s  

s t r i p - s i l v e r e d  ( s u p p l i e d  by t h e  S c i e n t i f i c  Glass Co.).  

column has an  i n t e r n a l  d iameter  of 2.5 cm. and i s  packed w i t h  

a 90 cm. bed of g l a s s  h e l i c e s  1/8” i n  d iameter .  

were c a r r i e d  o u t  a t  a 1:l r e f l u x  r a t i o .  This  r a t i o  w a s  main- 

t a i n e d  by means of a swinging f u n n e l  f i t t e d  w i t h  a s o f t  i r o n  

c o r e  mounted i n  t h i s  d i s t i l l a t i o n  head.  An e l e c t r o m a g n e t  regu-  

l a t e d  by a GE t y p e  TSA-14 timing d e v i c e  moves t h i s  f u n n e l  i n t o  

p o s i t i o n  f o r  e i t h e r  t o t a l  r e f l u x  o r  c o l l e c t i o n .  The t i m e r  c y c l e  

of 20 seconds i s  d i v i d e d  i n t o  t h e  d e s i r e d  r a t i o  of t o t a l  r e f l u x  

t o  c o l l e c t i o n ,  i n  t h i s  c a s e ,  1:l. V a r i a t i o n s  up t o  a r a t i o  of 

1:lOO w i t h  1% accuracy  are p o s s i b l e  by a p p r o p r i a t e  s e t t i n g  of 

t h e  t i m e r .  Dis t i l l a te  w a s  c o l l e c t e d  i n  a f l a s k  des igned  t o  

a l l o w  t r a n s f e r  t o  t h e  argon atmosphere d r y  box w i t h o u t  exposure  

This 

D i s t i l l a t i o n s  
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t o  t h e  atmosphere o r  i n t e r r u p t i o n  of t h e  d i s t i l l a t i o n  p r o c e s s .  

Vacuum i s  main ta ined  w i t h  a No. 1400B Welch Duoseal pump capable  

of a c h i e v i n g  a p r e s s u r e  of l m i c r o n .  Vapor p r e s s u r e  i s  measured 

by a closed-end manometer mounted on t h e  d i s t i l l a t i o n  f l a s k .  

Vapor p r e s s u r e  i n  t h e  system d u r i n g  d i s t i l l a t i o n  was dependent  

upon t h e  s o l v e n t  b e i n g  d i s t i l l e d  and w a s  k e p t  as low as proper  

r e f l u x  c o n d i t i o n s  would permi t .  

t i l l e d ;  t h e  f i r s t  and l a s t  100 m l  f r a c t i o n s  were d i s c a r d e d .  The 

s o l v e n t s  were c h a r a c t e r i z e d  by r e c o r d i n g  t h e  r e f r a c t i v e  index  

and s p e c i f i c  c o n d u c t i v i t y  of each  of t h e  c o l l e c t e d  f r a c t i o n s .  

S p e c i f i c  c o n d u c t i v i t i e s  were measured i n  a d r y  a rgon  atmosphere 

and a l l  f r a c t i o n s  were s t o r e d  i n  a n  argon atmosphere between 

tes t s .  R e f r a c t i v e  i n d i c e s  and s p e c i f i c  c o n d u c t i v i t i e s  w i l l  b e  

measured one, two, f o u r ,  twelve and twenty-four  weeks a f t e r  

d i s t i l l a t i o n .  

I n  each case, TOO m l  were d i s -  

Anode s c r e e n i n g  tests i n  e l e c t r o l y t e s  made from N,N-dimethyl- 

formamide d i s t i l l e d  a t  a r e f l u x  r a t i o  of 1:l were c a r r i e d  o u t  

i n  two cases t o  p e r m i t  comparison w i t h  ea r l i e r  t e s t s  i n  which 

t h e  s o l v e n t  had n o t  been d i s t i l l e d .  

b .  R e s u l t s .  I n  o r d e r  t o  determine t h e  f r a c t i o n a t i n g  c a p a b i l i t i e s  

of t h e  d i s t i l l a t i o n  appara tus ,  a known m i x t u r e  c o n s i s t i n g  of 

250 m l  of water and 250 m l  of ace tone  w a s  d i s t i l l e d  a t  743 nun. 

Hg u s i n g  a I.:l r e f l u x  r a t io .  The d i s t i l l a t e  w a s  c o l l e c t e d  i n  

50 m l  f r a c t i o n s .  The r e f r a c t i v e  i n d i c e s  o b t a i n e d  f o r  t h e  f i r s t  

f i v e  f r a c t i o n s  matched t h a t  of p u r e  a c e t o n e .  A f t e r  250 m l  had 

been c o l l e c t e d ,  t h e  n e x t  50 m l  f r a c t i o n  w a s  found t o  have a re- 

f r a c t i v e  index  of 1.333 a t  20°C. 

index  of pure  water, a c l e a n  s e p a r a t i o n  had been o b t a i n e d .  

S i n c e  t h i s  i s  t h e  r e f r a c t i v e  
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P r i o r  t o  s e t t i n g  up t h e  f r a c t i o n a t i n g  column, a 475 m l  sample 

of N,N-dimethylformamide (DMF) w a s  d i s t i l l e d  a t  a p r e s s u r e  of 

2 m. Hg u s i n g  a 1:l r e f l u x  r a t i o .  The tempera ture  of t h e  

vapor  was approximate ly  26Oc throughout  t h e  d i s t i l l a t i o n .  

f i r s t  100 m l  were d i s c a r d e d  and t h e  next  125 m l  f r a c t i o n  w a s  

t r a n s f e r r e d  i n  vacuo t o  a n  argon atmosphere d r y  box. The 

s p e c i f i c  c o n d u c t i v i t y  of t h i s  f r a c t i o n  w a s  6.92 x lom7 ohm-’ c m - l  

(27OC) as compared t o  an average v a l u e  of 2.64 x 

(27OC) f o r  t h e  u n d i s t i l l e d  s o l v e n t .  

The 

ohm-’ cm-’ 

A 1 mola l  s o l u t i o n  of N-phenyl-N,N,N-trimethylammonium hexa- 

f luorophosphate  i n  t h e  d i s t i l l e d  DMF d i d  n o t  d i f f e r  i n  con- 

d u c t i v i t y  from a s imi la r  s o l u t i o n  prepared  w i t h  t h e  u n d i s t i l l e d  

s o l v e n t .  When t h e  above s o l u t i o n s  were used i n  anode s c r e e n i n g  

tes ts ,  o n l y  minor d i f f e r e n c e s  i n  behavior  were noted (Table  V I I i ,  

page IV-97 and IV-98). 

Using t h e  f r a c t i o n a t i n g  column, a second sample of DMF w a s  

d i s t i l l e d  from ca lc ium hydr ide .  The r e f r a c t i v e  i n d i c e s  and 

s p e c i f i c  c o n d u c t i v i t i e s  were determined f o r  t h e  second through 

s i x t h  100 m l  f r a c t i o n s ;  t h e  s p e c i f i c  c o n d u c t i v i t i e s  were measured 

i n  an  argon atmosphere.  These samples were s t o r e d  i n  an  a rgon  

atmosphere and t h e  measurements r e p e a t e d  a f t e r  one week had 

e l a p s e d  (Table  I X ,  page IV-99). It i s  e v i d e n t  t h a t  t h e  re- 

f r a c t i v e  i n d i c e s  f o r  t h e  v a r i o u s  f r a c t i o n s  were f a i r l y  con- 

s i s t e n t  w h i l e  t h e  s p e c i f i c  c o n d u c t i v i t i e s  showed g r e a t e r  v a r i a -  

t i o n .  This  v a r i a t i o n  i n  c o n d u c t i v i t y  can be a t t r i b u t e d ,  a t  least  

i n  p a r t ,  t o  t h e  f a c t  t h a t  the  measurements are b e i n g  made a t  

t h e  lower o p e r a t i n g  l i m i t  of t h e  c o n d u c t i v i t y  equipment.  

A sample of a c e t o n i t r i l e  was d i s t i l l e d  i n  t h e  same manner as 

t h e  second DMF sample. The r e s u l t s  f o r  r e f r a c t i v e  i n d i c e s  and 
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c o n d u c t i v i t i e s  are g i v e n  i n  Table I X ,  page IV-99. Because of 

t h e  l a r g e  f l u c t u a t i o n s  i n  vapor p r e s s u r e  d u r i n g  t h e  d i s t i l l a -  

t i o n ,  t h e  t e s t  w i l l  be  repea ted  w i t h  a new sample.  

The d a t a  thus  f a r  i n d i c a t e  t h a t  vacuum d i s t i l l a t i o n  has  o n l y  a 

small e f f e c t  on t h e  s o l v e n t s  thus  p u r i f i e d .  R e f r a c t i v e  i n d i c e s  

d i f f e r  o n l y  s l i g h t l y ,  i f  a t  a l l ,  from t h e  v a l u e s  b e f o r e  d i s t i l -  

l a t i o n .  C o n d u c t i v i t y  d e c r e a s e s  i n i t i a l l y  b u t  i t  b e g i n s  t o  

i n c r e a s e  a g a i n  w i t h  t i m e .  T e n t a t i v e l y ,  i t  seems t h a t  d i s t i l l a -  

t i o n  y i e l d s  a p u r e  material  and changes upon s t a n d i n g  should  

i n d i c a t e  t h e  s t a b i l i t y  of the  p u r i f i e d  s o l v e n t .  
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11. CURRENT PROBLEMS 

The major  problem c o n t i n u e s  t o  b e  t h a t  of deve loping  a ca thode  w i t h  

s u i t a b l e  c h a r a c t e r i s t i c s  f o r  a h igh  energy  d e n s i t y  b a t t e r y .  
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111. WORK TO BE PERFORMED I N  THE NEXT QUARTER 

A s  a r e s u l t  of t h e  e x t e n s i o n  and expansion of t h e  p r e s e n t  c o n t r a c t ,  work 

w i l l  b e  c a r r i e d  o u t  a t  a h i g h e r  l e v e l  of  a c t i v i t y  and w i l l  i n c l u d e  t h e  

f o l l o w i n g  areas i n  t h e  n e x t  q u a r t e r .  

1. 

2. 

Anodes. 

L i n e a r l y  v a r y i n g  p o t e n t i a l  and coulombic e f f i c i e n c y  s t u d i e s  w i l l  

b e  made of s t a b l e  a n o d e - e l e c t r o l y t e  systems c a p a b l e  of s u s t a i n i n g  

100 ma/cm2 d i s c h a r g e s .  

Cathodes.  

Emphasis w i l l  b e  p laced  on developing ca thodes  from high  energy 

d e n s i t y  compounds which are non-s to ich iometr ic .  Cathodes f a b r i -  

c a t e d  from such materials w i l l  b e  e v a l u a t e d  e l e c t r o c h e m i c a l l y  

and t h e  s t u d y  t o  select  o t h e r  m a t e r i a l s  of t h i s  k ind  w i l l  be  

c o n t i n u e d .  

P o s s i b l e  means of s e p a r a t i n g  s o l u b l e  ca thode  d e p o l a r i z e r s  from 

anodes w i t h o u t  d e t r a c t i n g  from c e l l  performance w i l l  a l s o  be i n -  

v e s t i g a t e d .  P r e s e n t l y ,  two p o s s i b i l i t i e s  are b e i n g  c o n s i d e r e d .  

The f i r s t  of t h e s e  i n v o l v e s  t h e  u s e  of s e l e c t i v e  i o n  exhange mem- 

b r a n e s  which could  e f f e c t  t h e  d e s i r e d  s e p a r a t i o n  w h i l e  p e r m i t t i n g  

passage  of an  e l e c t r o l y t e  s p e c i e s  t o  perform t h e  e l e c t r o l y t i c  

conductance f u n c t i o n .  The second p o s s i b i l i t y  i n v o l v e s  t h e  u s e  of 

of  a conduct ive  porous c o n t a i n e r  f o r  a l i q u i d  ca thode  d e p o l a r i z e r ,  

which would be des igned  i n  a manner such t h a t  t h e  ca thode  d e p o l a r i z e r  

would d i f f u s e  o u t  of t h e  c o n t a i n e r  a t  t h e  same r a t e  t h a t  i t  w a s  con- 

sumed i n  an  e l e c t r o c h e m i c a l  r e a c t i o n  o c c u r r i n g  a t  t h e  o u t e r  s u r f a c e .  

I n  a d d i t i o n ,  e l e c t r o c h e m i c a l  e v a l u a t i o n s  w i l l  b e  made of c u p r i c  

f l u o r i d e  p a s t e  e l e c t r o d e s  f a b r i c a t e d  by a f i l t e r  p r e s s  technique .  



3 .  E l e c t r o l y t e s .  

P u r i f i c a t i o n  of s o l v e n t s  by vacuum d i s t i l l a t i o n  w i l l  be  cont inued .  

C h a r a c t e r i z a t i o n  w i l l  be  e f f e c t e d  by r e f r a c t i v e  index  and con- 

d u c t i v i t y  measurements. 

A d e t a i l e d  s t u d y  of t h e  p r o p e r t i e s  of e l e c t r o l y t e s  which c o n t r i b u t e  

t o  good e l e c t r o d e  performance w i l l  be  i n i t i a t e d .  O f  s p e c i f i c  i n t e r e s t  

are e l e c t r o l y t e s  made from s o l u t e s  such  as morpholinium h e x a f l u o r o -  

phosphate ,  i n  which anodes of l i t h i u m  and ca lc ium have e x h i b i t e d  

s u p e r i o r  e l e c t r o c h e m i c a l  c h a r a c t e r i s t i c s .  This  work w i l l  i n c l u d e  

t h e  s t u d y  of e l e c t r o l y t e  p r o p e r t i e s  i n  g e n e r a l ,  and i n  t h i s  r e s p e c t ,  

w i l l  be  a c o n t i n u a t i o n  of t h e  work c a r r i e d  o u t  i n  an  ear l ie r  phase 

of t h e  program. 

4. S t a b i l i t y  of E l e c t r o d e  M a t e r i a l s  i n  E l e c t r o l y t e  S o l u t i o n s .  

S t a b i l i t y  tes ts  w i l l  b e  carried o u t  w i t h  calcium, l i t h i u m ,  and 

magnesium i n  e l e c t r o l y t e s  which have n o t  been t e s t e d  p r e v i o u s l y .  

5. C o n s t r u c t i o n  of Batteries. 

S e v e r a l  e x p e r i m e n t a l  c e l l s  w i l l  b e  c o n s t r u c t e d  and t e s t e d  f o r  e l e c t r o -  

chemica l  c a p a b i l i t y . .  The choice of e l e c t r o d e  combinat ions and 

e l e c t r o l y t e s  w i l l  be  made from systems e x h i b i t i n g  promising charac-  

ter is t ics  i n  h a l f - c e l l  s c r e e n i n g  tests.  

6. C o m p a t i b i l i t y  of B a t t e r y  Components. 

Tests w i l l  be  i n i t i a t e d  t o  determine t h e  c o m p a t i b i l i t y  of v a r i o u s  

b a t t e r y  s e p a r a t o r ,  c a s e  and lead components w i t h  e l e c t r o l y t e s .  
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TABLE I. ELECTROCHEMICAL HALF-CELL SCREENING OF ANODES 

Page 

I. Anode-Electrolyte Sys tems Capable of Sustaining 100 ma/cm2 
A. Calcium Anode Systems. IV-6 

Solvent Solute 
1. Acetonitrile (AN) 

2. AN 

Tetra-n-propylammonium hexafluoro- 
phosphate - (n-C3H7)4NPF6 

Ammonium hexafluorophosphate - 
NH4PF6 

B. Lithium Anode Systems. IV-7 
1. Dimethylformamide (DMF) 

2. DMT Tri-n-propylammonium hexafluoro- 

3 .  DMF N-phenyl N,N,N-trimethylammonium 

D i -n-bu ty 1 ammonium hexa f llior o - 
arsenate - ( n-C4H9)2NH2A~F6 

arsenate - ( n-C3H7),NHAsFs 

hexafluorophosphate - 
(C6H5)(CH3)3NPF6 

4. DMI? Ammonium hexafluorophosphate 
5. DMF KASPE; 

C . Magnesium Anode Sys tems. IV-9 

1. AN A1C 1, 

11. Anode-Electrolyte Systems Capable of Sustaining 10 ma/cm2. 
A. Calcium Anode Systems. I\?-10 

1. AN 

2. DMF 

3 .  DMF 

4. DMF 
5. DMF 
6. DMF 
7. DMF 
8. DMF 

9. DMF 

Tetramethyl.ammonium hexaf luoro- 

Tetramethylammonium hexafluoro- 

Morpholinium hexafluorophosphate - 

phosph.ate - (CH3)4NPF6 

phosphate 

NaPF 6 
U S F G  

LiC 1 
N-( p-Dodecylbenzyl )N,N,N-trimethyl- 
ammonium hexafluorophosphate - 

N-phenyl N,N,N-trimethylammonium 

mF6 

(P-C12H25C6H4CH2) (CH3 )SNPF6 

hexafluorophosphate 

Each system is classified under the current den.sity at which the anode exhibited 
less than 5 6  polarization of the initial open circuir. potential. 

IV-1 
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t -  
TABLE I. ELECTROCHEMICAL HALF-CELL SCREENING OF ANODES (Continued) 

I 

Page 

11. Anode-Electrolyte Systems Capable of Sustaining 10 ma/cm2. (Continued) 
A .  Calcium Anode Systems (Continued) IV-10 

10. Ethylene Carbonate - 
Propylene Carbonate - 
a0 WT 4 EC - 20 WT 4 PC 

11. a0 WT EC - 20 WT 4 PC 
12. a0 WT $ EC - 20 WT 4 PC 
13. a0 WT 8 EC - 20 WT 9 PC 
14. a0 WT % EC- 20 WT PC 

15 .  N-Nitrosodimethylamine - 

16. NDA 
17. NDA 

( NDA ) 

AlC1, 

KP F6 
Morpholinium hexafluorophosphate 
N-phenyl N,N,N-trimethylammonium 

Tetramethylammonium hexafluoro- 

N-phenyl N,N,N-trimethylammonium 

hexafluorophosphate 

phosphate 

hexafluorophosphate 
KPFe 
Tetramethylammonium hexafluoro- 

phosphate 

B. Lithium Anode Systems IV-15 

1. DMF 

2. DMF 

3. DMF 
4. bMF 
5. DMF 

6. a0 WT 4 EC- 20 WT PC 

7. a0 WT 8 EC - 20 WT 4 PC 
a. a0 WT 4 EC - 20 WT 4 PC 
9. a0 WT 4 EC - 20 WT 4 PC 

Tetra-n-propylammonium hexafluoro- 
arsenate - (n-C3H,),NAsF6 

Tetra-n-propylarmnonium hexafluoro- 
antimonate - ( n-C3H7),NSbF6 

NaBF4 

Tetramethylammonium hexafluoro- 

Di-n-butylammonium hexafluoro- 

N-phenyl N,N,N-trimethylammonium 

Tetramethylammonium hexafluoro- 

Tri-n-propylamlonium hexafluoro- 

NaPF6 

phosphate 

arsenate 

hexafluorophosphate 

phosphate 

arsenate 

C. Magnesium Anode Systems IV-18 

1. AN 
2. AN 

3. AN 
4. AN 
5. AN 

Ammonium hexafluorophosphate 
N-Phenyl N,N,N-trimethylammonium 

Morpholinium hexafluorophosphate 

Tetramethylammonium hexafluoro- 

hexafluorophosphate 

KPF6 

phosphate 

Each system is classified under the current density at which the anode exhibited 
less than 5 6  polarization of the initial open circuit potential. 

I V - 2  



TABLE I. ELECTROCHEMICAL HALF-CELL SCREENING OF ANODES (Continued) 

Page - 
11. Anode-Electrolyte Systems Capable of Sustaining 10 ma/cm2. (Continued) 

C. Magnesium Anode Systems (Continued) 117-18 

6. 

7. 

9. 

10. 

11. 
12.  

13. 
14. 
15.  

a. 

AN 

DMF 
DMF 
DMF 

DMF 

DMF 
DMF 

80 WT 8 EC- 20 WT 4 PC 
NDA 
NDA 

Tetra-n-propylammonium hexafluoro- 
phosphate 

KPFe 
LiCl 
N-(p-Dodecylbenzyl)N,N,N-trimethyl- 

ammonium hexafluorophosphate 
Tetramethylammonium hexafluoro- 

phosphate 
Morpholinium hexafluorophosphate 
Tetra-n-propylammonium hexafluoro- 

arsenate 
AlC1, 
MgC12 
N-phenyl N,N,N-trimethylammonium 

hexafluorophosphate 

D. Lithium-Magnesium Alloy Anode Systems IV-22 

1. NDA Morpholinium hexafluorophosphate 

111. Anode-Electrolyte Systems Capable of Sustaining 1 ma/cm2. 
A .  Calcium Anode Systems. I V - ? j  

1. DMF Di-n-butylammonium hexafluoroarsenate 
2. DMF Tri-n-propylammonium hexafluoro- 

3.  
4. 
5. 

6. NDA LiCl 
7. NDA 

arsenate 
a0 WT 4 EC - 20 WT 8 PC 
ao WT 4 EC - 20 WT 4 PC 
80 WT 8 EC - 20 WT 4 PC 

LiCl 
Di-n-butylammonium hexafluoroarsenate 
Tri-n-propylammonium hexafluoro- 

arsenate 

N- ( p-Dodecy 1 benzyl ) N, N, N- t r ime thyl- 
ammonium hexafluorophosphate 

B. Lithium Anode Systems IV-25 

1. LiCl 
2. NDA LiCl 

a0 WT 8 EC - 20 WT 4 PC 

C. Magnesium Anode Systems 117-26 

1. AN Di-n-butylammonium hexafluoro- 
arsenate 

Each system is classified under the current density at which the anode exhibited 
less than 5 6  polarization of the initial open circuit potential. 
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TABLE I. ELECTROCHEMICAL HALF-CELL SCREENING OF ANODES (Continued) 

Page - 
111. Anode-Electrolyte Systems Capable of Sustaining 1 ma/cm2. (Continued) 

C. Magnesium Anode Systems (Continued) IV-26 

2. 

3 .  
4. 
5. 

6. 

7. 
8. 
9. 

AN 

DMF 
80 WT $ EC - 20 WT $ PC 
80 WT $ EC - 20 WT $ PC 

80 WT $ EC - 20 WT $ PC 

80 WT EC - 20 WT $ PC 
80 WT $ EC - 20 WT $I PC 
NDA 

Tetra-n-propylammonium hexafluoro- 

NaPE', 
LiCl 
Di-n-butylammonium hexafluoroar- 

N-phenyl N,N,N-trimethylammonium 

Tri-n-propylammonium hexafluoroarsenate 

LiCl 

arsenate 

senate 

hexafluorophosphate 

KPF, 

IV. Anode-Electrolyte Systems Capable of Sustaining 0.1 ma/cm2. 
A. Calcium Anode Systems IV-29 

1. DMF 

2. NDA 

3. NDA 

Tetra-n-propylammonium hexafluoro- 

Di-n-butylammonium hexafluoro- 

Tri-n-propylammonium hexafluoro- 

arsenate 

arsenate 

arsenate 

B. Magnesium Anode Systems IV- 30 

1. DMF N-phenyl N,N,N-trimethylammonium 
hexafluorophosphate 

2. DMF KAsFG 
3. 
4. NDA 

ammonium hexafluorophosphate 
5. NDA Tetramethylammonium hexafluoro- 

phosphate 

80 WT $ EC - 20 WT $ PC Morpholinium hexafluorophosphate 
N- ( p - Dode cy 1 benz y 1 ) N , N , N- t r ime t hy 1 - 

C. Lithium-Magnesium Alloy Anode Systems IV- ?? 

1, NDA Morpholinium hexafluorophosphate 

V. Anode-Electrolyte Systems Which Cannot Sustain 0,l ma/cm2. 
A. Magnesium Anode Systems IV- 33 

1. DMF Di-n-butylammonium hexafluoroar- 

2. DMF Tri-n-propylamnonium hexafluoro- 
senate 

arsenate 

Each system is classified under the current density at which the anode exhibited 
less than 5 6  polarization of the initial open circuit potential. 
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TABLE I. ELECTROCHEMICAL HALF-CELL SCREENING OF ANODES (Continued) 

Page - 
V. Anode-Electrolyte Systems Which Cannot Sustain 0.1 ma/cm2. (Continued) 

A .  Magnesium Anode Systems (Continued) IV- 33 

3. 

4. NDA Di-n-butylammonium hexafluoro- 

5. NDA Tri-n-propylammonium hexafluoro- 

6. NDA Tetra-n-propylammonium hexafluoro- 

a0 WT 5 EC - 20 WT 5 PC Tetramethylammonium hexafluoro- 
phosphate 

arsenate 

arsenate 

phosphate 
7. NDA KP F, a. NDA Morpholinium hexafluorophosphate 

I 

Each system is classified under the current density at which the anode exhibited 
less than 50$ polarization of the initial open circuit potential. 
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I. Anode-Electrolyte Systems Capable of Sustaining 100 ma/cm2. 

- Page 

Calcium Anode Systems.. ....................... .1v-6 A .  

B. Lithium Anode Systems ..........................IV-7 

C. Magnesium Anode Systems ........................ IV-9 

Each system is classified under the current density at which 
the anode exhibited less than 50% polarization of the initial 
open circuit potential. 
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11. Anode-Electrolyte Systems Capable of Sustaining 

A. Calcium Anode Systems ....................... 

10 ma/cm2. 
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Each system is classified under the current density at which 
the anode exhibited less than 50$ polarization of the initial 
open circuit potential. 
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111. Anode-Electrolyte Systems Capable of Sustaining 1 ma/cm2. 
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A. Calcium Anode Systems ....................... IV-23 

B. Lithium Anode Systems ....................... IV-25 

C. Magnesium Anode Systems.. .................. . Iv -26  

Each system is classified under the current density at which 
the anode exhibited less than 50$ polarization of the initial 
open circuit potential. 



I .  

I 

rl 

w 
0 

a, 
I4 
P 
(d a 
(d 
V 

& 
C a J  
-4 u 

C 
a 1  
boo c v  
(d e &  
0 0  

o c o m  I 

r l r lo  I 
Y?? I 
I l l  

rl 

o r l o o  d o  
d 

. . . .  

I U 

a h  

rl 

1 3%v/%v 

13%v/%v 

t 
ma 

CU 
IV-23 

a h  

d 

o r l o  0 
4 0  

rl 

T3%V/%V 

T3%p 

rl 

o r l o o  d o  
d 

0 
t- 
d 

* 

C 
V I  

* * *  



t-00 I 
c O P - ( u  I . . .  I 

I l l  
r l r l o  I 

rl 

o r l o o  
40 

r- 

M 
rl 

Y 

aJ u 
C 
cd 
& 
(d 
0) a a 
(d 

rl 

o r l o  
rl 

000 n n n  . . .  

0 
'? 
Y 

VaN 

ul 
IV-24 

v) 
O h  zv) 

00 ;.A I 
u ) r - L l &  I . . l l I t d I  

r-i 

O d O  
rl 

t-OCO 
O J A -  r l  . . .  

N 
(u 

Y 

* * 

t- 

U 

a 
v 

I 

9) 
U 

c a 



0) 
$4 
-d 
U 
C 
aJ 
aJ 
5 
w 
0 

aJ u 
C a 
k 
(d 
aJ a a 
(d 

aJ 
5 
C 

.r( 

ONCO I co\D\D I . . .  I 

rl 

o r l o o  do 
rl 

aJ u 
C 
(d 
& I o )  
m c  aJ 
aJuu a c  
a w  aJ 

rl 

o r l o o  
r lo 

d 

VaN 

cu 
IV-2 5 



a, c u  a 
& 
*rl 
U 
C a 
a 
5 

2 

W 
0 

a 

(d 
& 
(d a a a 
(d 

a 
5 
C 

*rl 

a 
M 

s a  
v u  

m 
O h  
z m  

\Dm 
Y? 
7 P  

Ir 
z a  
a s  a u  a 
a u  
(dw c 
c O E  

L a J  
. a J u  
h J J  h 

u c u  a *rl 
n & -  

m o m  
5 gc: 

. d C O O  

I I  
I I  
I I  
I I  

cur- 
mcu l 

. . I  

1 1  
- 1 4  I a 

aJ 
1 
C 
.,-I 
U 
C 
0 
V 
v 

cu 
5 
cd 

rl 

M c 
4 
C 
*rl 
(d 
U 
m 
3 
m 
W 
0 

0) 
rl 

(d a a '  v u  
E 

m a  
E L  a u  
U ?  
m v :  
h 
m a  

z 
a c  u c  
h <  
rl 

E 

n 

u 'F 
u v :  
a a  
r l c  
W b  
I ( d  
@ Z  a 
0 
I2 -46 

H 
H 
H 

a h  
m o m  
O O A  

a h  aJu o m  m * r l  
I 

9, u- no rn-rl I 
c U O & L l  I 

coon 
"<? 
999 

. . .  
440 

I l l  

rl 

0 4 3  
rl 

rl 

0-10 
A 

ri 

040 
ri 

o r l o  0 
r l o  

d 

no cv 
?" Y 
7 7 7  

. . .  
999 o m  

400 
4-14 
I l l  

. . .  0 - 1  0 r-r-r- 
4-14 

1 1 1  

. . .  

u I 

3 
P- 

O 

0 

4 
I 

? 
0 
0 
ri 

I 

m 
\D 

cl 
I 

'd@N 

ma 
* * 

NV 
Nv 

rl M IV-26 



I 
0 a 

& 
.rl 
U 
C a 
a 
fi 
w 
0 

0) 

(d 
& 
(d 
0) a a 
(d 

a 

2 

5 
C 
.rl 

a 
M 

s a  u u  
m 

O h  
z m  

COO coco 

l % g  

. .  
? ?  

a 
C 
(d a 

C &  
U a J  

c c  
U 

0 
z c  

0 
.r( 

. U  

.-I 

r l c u  I cor -  I 

"Q I 

a h  

ri 

o r l o  0 
4 0  

rl 

rl rl 

o r l o  4 8  
rl 

ri  0 4 2  0 
0 
rl 

o r l o o  d o  
ri 

t-P-0 cu In- . . .  
777 

. .  . . .  
7?7 

M cu 
d 

co 
K! 
7 

0 
c\! 
7 

M 
In 

7 

I.3Q/W T 3%V/%V I. 3%V/W 

T. 38v/%v T 3 w p v  I. 3evpv 

96d2I * * * * * 
3d % LM OZ 
38 $ LM 08 

\D 

IV-27 
in co 



I U 
.4 lu 

m 
O h  
z m  

k C U  1 c o n  I 
' - 1  

0 0  I 
I I  

0 4 0  
rl 

NCUO 
M M O  . . .  
777 

0 
0 

r;' 



IV. Anode-Electrolyte Systems Capable of Sustaining 0.1 ma/cm2. 
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Each system is classified under the current density at which 
the anode exhibited less than 5@ polarization of the initial 
open circuit potential. 
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V .  Anode-Electrolyte Systems Which Cannot Sustain 0.1 ma/cm2. 
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A. Magnesium Anode Systems ........................ I V - 3 3  

Each system is classified under the current density at which 
the anode exhibited less than 50$ polarization of the initial 
open circuit potential. 
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TABLE 11. ELECTROCHEMICAL HAW-CELL SCREENING OF 
ANODES IN PRETREATED ELECTROLYTES 

Page - 
I. Anode-Electrolyte Systems Capable of Sustaining 100 ma/cm2. 

A. Lithium Anode Systems. IV-36 

Solvent Solute 

1. Dimethylformamide (DMF) NH4PF6 - Ammonium hexaf luorophosphate 

2. N-Nitrosodimethylamine \ NH2PF6 - Morpholinium 
hexafluorophosphate ' CHzCHz / 

(NDA ) 

11. Anode-Electrolyte Sys tems Capable of Sustaining 10 ma/cm2. 
A. Lithium Anode Systems. 1v-38 

1. NDA ( ~ I - C ~ H ~ ) ~ " A S F ~  - Tri-n-propylammonium 
hexafluoroarsenate 
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TABLE 111. ELECTROCHEMICAL HALF-CELL SCREENING OF CATHODES 

Page 

A. Cupric  F l u o r i d e  Cathodes Prepared by Subliming Phenol 
from E l e c t r o d e  P e l l e t s ,  Followed by P a r t i a l  Reduct ion 
w i t h  Hydrogen Gas ............................................ IV-42 

B.  Cobal t  T r i f l u o r i d e  Cathodes .. ' . , . . . . r . . . . . . . . . . . f . . . . . . . t . . . .  IV-43 

C .  Lead Dioxide Cathodes ........................................ I V - 4 4  

D. Manganese Dioxide Cathodes ......................... t , . - . p . - . .  IV-45 
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TABLE IV. DISCHARGE OF CELLS UTILIZING DISSOLVED 
ACTIVE CATHODE MATERIALS 

Page 

1. Calcium-Morpholinium Hexafluorophosphate ................... IV-47 
2. Calcium-Morpholinium Hexafluorophosphate ................... IV-48 
3* 

4. 

5. 
6 .  

7. 

8. 

9. 
10. 

11. 

E. 

13 9 

14. 

15 

16. 

17 

18. 

Calcium-Morpholinium Hexafluorophosphate ................... IV-49 
Calcium-Morpholinium Hexafluorophosphate ................... IV-50 
Calcium-Morpholinium Hexafluorophosphate ................... IV-52 
Calcium-Morpholinium Hexafluorophosphate ................... IV-53 
Calcium-Morpholinium Hexafluorophosphate ................... IV-54 
Calcium-Morpholinium Hexafluorophosphate + Water ........... IV-55 
Calcium-Morpholinium Hexafluorophosphate + Sulfuric Acid ... 1v36 
Calcium-Sulfuric Acid ...................................... IV-57 

Calcium-Sulfuric Acid ...................................... IVj8 

Lithium-Morpholinium Hexafluorophosphate ................... 1v-59 
Lithium-Sulf ur ic Acid . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . IV-60 
Lithium-Sulfur ic Acid . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . IV-62 
Lithium-Sulfuric Acid ...................................... Iv-64 

Lithium-Sulfuric Acid ................................ ;..... Iv-66 
Lithium-Sulfuric Acid ...................................... Iv-68 

Lithium-Cuprous Chloride ..................................... IV-71 

19. Lithium-Cupric Chloride .................................... IV-73 

NOTE: In some cases the voltage of the anode versus the reference 
electrode does not appear in the tables for all points of a 
discharge. 
overnight and only the cell voltage was recorded. 

In these instances, the cells were being discharged 
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TABLE IV. DISCHARGE OF CELLS UTILIZING DISSOLVED 
ACTIVE CATHODE MATERIALS 

Calcium-Morpholinium Hexafluorophosphate. 

Anode - calcium; area, 1 cm2; weight, ca. 0.22 grams. 
Cathode - electrode of silver foil; area, 17 cm2; weight, 0.63 grams. 

Active cathode material, morpholinium hexafluorophosphate 
(dissolved), 6 molal in acetonitrile; weight of solution, 
28 grams. 

Electrolyte - 6 molal morpholinium hexaf luorophosphate in acetonitrile 
(i.e. the cathode solution was utilized as the electrolyte). 

Weight of glass container - 3 1  grams. 

Reference electrode - Ag/AgCl. 
Time 

(Minutes ) 
I 

I -- 
0 

17 
38 
54 
72 
80 

I 81 

85 
86 

91 
92 

93 
94 

107 

133 
134 
160 

180 

276 

350 

428 

! 
I 

Cell Voltage 

2.20 

1.10 

0.98 
1.01 

1.07 

1.11 

1.12 

1.90 

2.20 

1.12 

1.05 

1.90 

0.95 

0.90 

0.82 

1-77 

0.53 

0.50 

0.13 

0.82 

0.73 

0.62 

Res is t ance 
( Ohms ) 

--- 
100 

100 

100 

100 

100 

100 
--- 
--- 
100 

100 
--- 
50 

50 

50 
--- 
lo 
10 

2 

50 

50 

50 

IV-47 

Current 
(ma> 

0 

11 

9.8 
10.1 

10.7 

11.1 

11.2 

0 

0 

11.2 

10.5 

0 

19 
18 
16.4 
0 

53 
50 

65 
16.4 
14.6 
12.4 

Calcium vs. 
Re fer ence ( Vo 1 t s ) 

-2.20 

-2.00 

-1 97 
-1.99 
-2.06 

-2.11 

-2.11 

-2 -25 

-2.28 

-2.09 

-2.09 

-2.25 

-2.00 

-2.00 

-2.03 

-2.28 

-1.82 

-1.80 

-1.58 
-2.02 

-1.90 
---- 



TABLE I V .  DISCHARGE OF CELLS UTILIZING DISSOLVED 
ACTIVE CATHODE MATERIALS ( Continued ) 

2. Calcium-Morpholinium Hexafluorophosphate. 

Anode - calcium; area, 1 cm2; weight, ca. 0.25 grams. 

Cathode - e l e c t r o d e  of p l a t in i zed  platinum; area, 1 cm"; weight,  1.12 grams. 
Act ive cathode ma te r i a l ,  morpholinium hexafluorophosphate 
(d i s so lved) ,  6 molal i n  a c e t o n i t r i l e ;  weight of so lu t ion ,  
25.1 grams. 

E l e c t r o l y t e  - 6 molal morpholinium hexaf luorophosphate i n  a c e t o n i t r i l e  
(i  .e. the  cathode so lu t ion  was u t i l i z e d  as the e l e c t r o l y t e ) .  

Weight of g l a s s  conta iner  - 30.8 grams. 

Reference e l ec t rode  - Ag/AgCl. 

Time 
(Minutes ) 

0 

1.5 
2.1 

3 
18 

37.5 
53 
55.5 
57 
74.5 
88.7 
93.5 
94 
95 -2 

108 

137 
23 8 
239 

C e l l  Voltage 

2.50 

1.15 
1.05 

1.10 
1.20 

1.19 
1.20 

1-73 
1.05 
1.04 
1.02 

1.70 
0.60 
0.60 
0.18 
0.10 

0.04 
1.45 

Res i s  t ance 
(Ohms ) 

--- 
100 

100 

100 

100 

100 
100 
--- 
50 

50 
50 

--- 
lo 
10 

2 

1 

1 
--- 

Current  
(ma> 

11.5 
10.5 

0 

11.0 

12.0 
11.9 
12 .O 

0 

21.0 

20.8 
20.4 
0 

60 
60 
90 
100 

40 
0 

Calcium vs . 
Reference (Vo l t s )  

-1.85 
-1.65 
-1 75 
-1 * 77 
-1.92 
-1.94 
-1.96 
-2.10 
-1.88 
-1.87 
-1.87 
-2.15 
-1.63 
-1.70 
-1.55 
-1.50 
-1.00 

-2.14 

IV-48 



TABLEIV . DISCHARGE OF CELLS UTILIZING DISSOLVED 
I : 

ACTIVE CATHODE MATERIALS (Continued ) I 3. Calcium-Morpholinium Hexaf luorophosphate . 
Anode - calcium; area, I cm2; weight, ca. 0.24 grams. 

Cathode - e l e c t r o d e  of carbon; area, 4.8 cm2; weight,  1.31 grams. 
I 

Active cathode m a t e r i a l ,  morpholinium hexaf luorophosphate 
(d i s so lved)  , 6 molal i n  a c e t o n i t r i l e ;  weight of s o l u t i o n ,  
26.2 grams. 

E l e c t r o l y t e  - 6 molal morpholinium hexaf luorophosphate i n  a c e t o n i t r i l e  
( i . e .  t h e  cathode s o l u t i o n  was u t i l i z e d  as t h e  e l e c t r o l y t e ) .  

Reference e l e c t r o d e  - Ag/AgCl. 

I d  
I 

Time Res i s  tance 
(Minutes) Cel l  Voltage (Ohms) 

I 
I 

I 

0 

0.6 
4.6 

23.4 

35.7 
49.5 
54 

955 
970 

2.20 

0.40 
0.42 
0.16 

0.30 
0.31 

1.38 

0.24 

>o 

--- 
100 

100 

10 

10 

10 

10 

10 
--- 

Current 
( m a )  

0 

4 .O 

4.2 

16.0 
24.0 
30.0 
31.0 

7 0  
0 

Calcium v s .  
Reference ( V o l t s )  

-1.85 
-1.80 
-1.84 
-1.70 
-1.80 
-1.85 
-1.88 
-0.98 
-2.19 



TABLE IV. DISCHARGE OF CELLS UTILIZING DISSOLVED 
ACTIVE CATHODE MATERIALS (Continued) 

4. Calcium-Morpholinium Hexaf luorophosphate. 

Anode - calcium; area, 1 em2; weight, ca. 0.23 grams. 

Cathode - electrode of sintered nickel; area, 1 cm2. Active cathode 
material, morpholinium hexaf luorophosphate (dissolved), 
2.5 molal in acetonitrile. 

Electrolyte - 2.5 molal morpholinium hexafluorophosphate in acetonitrile 
(i.e. the cathode solution was utilized as the electrolyte). 

Reference electrode - AgIAgC1. 
Time Res is tance 

IMinutes) Cell Voltage (Ohms) 

0 

0 -3 
1 *3 
4.1 

5 -4 
8.2 
10.6 
17.6 
21.3 

33 
I24 
156 
184 
218 

285 
340 
400 

520 

640 

760 
820 

940 

1060 
3200 

, 1.90 
0.88 
0.84 
0.82 
0.89 
0.90 
0.90 
0.90 
0.90 
0.91 

0.97 
1.00 

1.01 

1.00 

0.98 

0.94 
0.94 

0.92 
0.88 
0.80 

0.70 

0.28 
0.20 

0.45 

--- 
100 

100 
100 

100 

100 

100 

100 

100 

100 

100 

100 

100 

100 

100 

100 

100 

100 

100 

100 
100 

100 

100 

100 

Current 
(ma 1 
0 

8.8 
8.4 
8.2 

8.9 
9.0 
9.0 
9.0 
9.0 
9.1 
9.7 

10.0 

10.1 

10.0 

9.8 
9.4 
9.4 
9.2 
8.8 
8.0 

7.0 
4.5 
2.8 
2.0 

Calcium vs. 
Reference (Volts) 

-2.10 

-1 * 79 
-1.92 
-2.00 

-2.08 
-2.12 

-2.12 

-2.10 

-2.10 

-2.10 

-2.18 
-2.21 

-2.22 

-2.10 

-2.05 

---- 
--e- 

IV-50 



TABLE I V .  DISCHARGE OF CELLS UTILIZING DISSOLVED 
ACTIVE CATHODE MATERIALS (Con t inued ) 

4. Calcium-Morpholinium Hexaf luorophosphate. (Continued) 

Time Resistance 
(Minutes) C e l l  Voltage (Ohms) 

1320 

13 80 
13 81 

0.12 
0.11 

1-95 

100 

100 
--- 

Current 
(ma) 
1.2 
1.1 
0 

Calcium vs .  
Reference (Volts ) 

---- 
-2.50 

IV-51 



TABLEIV. DISCHARGE OF CELLS UTILIZING DISSOLVED 
ACTIVE CATHODE MATERIALS (Continued) 

5. Calcium-Morpholinium Hexaf luorophosphate. 

Anode - calcium; area, 1 cm2; weight, ca. 0.24 grams. 

Cathode - electrode of s intered nickel; area, 1 cm2. 
material ,  morpholinium hexaf luorophosphate (dissolved),  
2.5 molal i n  ace ton i t r i l e ,  22 m l .  

Active cathode 

Electrolyte  - 2.5 molal morpholinium hexafluorphosphate i n  a c e t o n i t r i l e  
( i . e .  the cathode solution was u t i l i z e d  as the e l ec t ro ly t e ) .  

Reference electrode - Ag/AgCl. 

Time 
(Minutes ) 

0 

1 
8 
27 
65 
120 

300 
420 

540 

600 
660 
720 
780 
840 
888 

C e l l  Voltage 

1.51 

0.58 
0.63 
0.69 

0.71 
0.67 
0.64 
0.62 
0.56 

0.36 
0.30 
0.30 

0.49 

0.72 

0.42 

Zr 
0 

9.8 
11.6 

l2.6 
13.8 
14.4 
14.2 
13.4 
12.8 
12.4 
11.2 
8.4 
7.2 
6.0 
6.0 

Calcium vs. 
Reference (Volts) 

IV-52 



I TABLE I V .  DISCHARGE OF CELLS UTILIZING DISSOLVED 
ACTIVE CATHODE MATERIALS (Continued) 

6. Calcium-Morpholinium Hexaf luorophosphate. 

Anode - calcium; area, 0.5 cm2; weight, ca. 0.15 grams. 

Cathode - e l e c t r o d e  of s i n t e r e d  n i cke l ;  area, 1 cm2. 
I 

Active cathode 
material, morpholinium hexaf luorophosphate ( d i s s o l v e d ) ,  
2.5 molal i n  a c e t o n i t r i l e ;  volume, 25 m l .  

E l e c t r o l y t e  - 2.5 molal morpholinium hexafluorophosphate i n  a c e t o n i t r i l e  
( i .e .  t h e  cathode s o l u t i o n  was u t i l i z e d  as the  e l e c t r o l y t e ) .  

Reference e l e c t r o d e  - Ag/AgCl. 

Calcium vs. Time R e s  i s  t ance Current  
(Minutes) C e l l  Voltage (Ohms) ( m a )  Reference ( V o l t s )  

0 1.70 --- 0 -1.78 
0.8 0.70 100 7.0 -1.65 
9.2 0.70 100 7.0 -1.80 

15.4 0.75 100 7.5 -1.89 
48.4 0.82 100 8.2 -1.96 

77.5 
91.5 

124 
180 

300 
420 

540 
660 
760 
765 
840 
960 

1044 

0.90 
0.91 

0.92 

0.94 
0.92 

0.88 
0.84 

0.80 

0.68 
0.62 
0.56 
0.30 

0.78 

100 

100 

100 

100 

100 

100 

100 

100 

100 
100 

100 
100 

100 

9.0 
9.1 
9.2 
9.4 
9.2 
8.8 
8.4 
8.0 

7.8 
6.8 
6.2 

5.6 
3 -0  

-2.03 
-2.04 
-2.04 

V i r t u a l l y  a l l  calcium consumed. 



TABLE IV. DISCHARGE OF CELLS UTILIZING DISSOLVED 
ACTIVE CATHODE MATERIALS (Continued) 

7. Calcium-Morpholinium Hexaf luorophosphate. 

Anode - calcium; area, 1 cm2; weight, ca. 0.23 grams. 
Cathode - electrode of platinized carbon; area, 1 cm2. Active cathode 

material, morpholinium hexaf luorophosphate (dissolved), 6 molal 
in acetonitrile. 

1 , >  Electrolyte - 6 molal morpholinium hexaf luorophosphate in acetonitrile 

Reference electrode - Ag/AgCl. 
(i.e. the cathode solution was utilized as the electrolyte). 

Time Res is tance Cur r en t Calcium vs. 
IMinutes) Cell Voltage (Ohms) (ma) Reference (Volts 1 

0 

1.7 
7.2 
7 -4 
7.7 
11.7 
13 *7 
13 *9 
14.4 
15 
16.7 
19.7 
20.1 
20.3 

25.8 
36 
65 
305 
54 5 
665 
965 
973 
975 
1025 

20.8 

1.83 

1.31 
1.81 

1.45 

1.25 
1.09 
1.09 
1.75 
0.55 
0.33 
0.45 
0.50 

1.80 
1.45 
1.40 
1-37 
1.27 
1.20 
0.80 
0.70 
0.60 
0.40 
2.20 
0.20 
0.20 

--- 
100 
100 

--- 
50 
50 
50 

--- 
lo 
10 
10 
10 

--- 
100 
100 

100 

100 
100 
100 

100 
100 
100 
--- 
100 
100 

0 
14.5 
13.1 

25.0 
21.8 
21.8 
0 

55.0 
33.0 
45.0 
50.0 

0 

0 

14.5 
14.0 
13 -7 
12.7 
12.0 
8.0 

6.0 
7.0 

4.0 
0 

2.0 
2.0 

IV-54 



TABU I V .  DISCHARGE OF CELLS UTILIZING DISSOLVED 
ACTIVE CATHODE MATERIALS (Continued) 

8. Calcium-Morpholinium Hexafluorophosphate + Water. 

Anode - calcium; area, 3.8 em2; weight, 0.87 grams. 

Cathode - e l e c t r o d e  of p l a t i n i z e d  platinum; area, 1 cm2; weight,  1.02 grams. 
Active cathode material , morpholinium hexaf luorophosphate ( d i s s o l v e d )  , 
6 molal i n  a c e t o n i t r i l e  plus 2.5 m l .  of water. 

E l e c t r o l y t e  - 6 molal morpholinium hexaf luorophosphate i n  a c e t o n i t r i l e  p l u s  
2.5 m l .  of water ( i .e .  t h e  cathode s o l u t i o n  was u t i l i z e d  as 
the  e l e c t r o l y t e ) .  

Time 
(Minutes ) 

0 

0.2 

1.6 

6.9 
11.7 

19.7 
28 

28.5 
29.6 

30 
38 

41 

Res i s  t ance Current  
C e l l  Voltage (ohms) (ma)  

--- 0 2.70 
1.58 100 15.8 

15.3 1.53 
1.40 100 14.0 

1.31 100 13.1 

1.13 100 11.3 

100 2.6 0.26 
-e-- 100 ---- 
1.48 

0.45 
S i l v e r  wire r e f e r e n c e  e l e c t r o d e  i n s e r t e d ;  
on open c i r c u i t ,  cathode vs .  Ag = -2.10 v o l t s ,  
calcium vs. Ag = -2.40 v o l t s .  

1.42 

Vigorous gas e v o l u t i o n  was observed when the  
calcium e l e c t r o d e  w a s  placed i n  t h e  e l e c t r o l y t e .  

100 

--- 0 
200 2.2 

--- 0 



TABLEIV. DISCHARGE OF CELLS UTILIZING DISSOLVED 
ACTIVE CATHODE MATERIALS (Continued ) 

Calcium-Morpholinium Hexafluorophosphate + Sulfuric Acid. 
Anode - calcium; area, 3.7 cm2; weight, 0.83 grams. 

Cathode - electrode of platinized platinum; area, 1 cm2; weight, 1.02 grams. 
Active cathode material, morpholinium hexafluorophosphate 
(dissolved), 6 molal in acetonitrile, plus 2.5 ml. of 4.4 molar 
H2SO4. 

9. 

Electrolyte - the cathode solution was utilized as the electrolyte. 

Time 
lMinutes 1 

0 

0.3 
1.7 
7.1 

12 

20 

28 
28.7 

29.7 
30.7 
31 
50 
64 
82 

90 
91 
99 
I20 
I21 

Cell Voltage 

2.80 
1.90 

1-73 
1.38 
1.16 

0.95 
0.81 

1.76 

1.79 
1.18 

0.94 
0.84 
0.76 

---- 

1.48 
0.88 

0.79 
0.67 
1.40 

Res is tance 
(Ohms) 

--e 

100 

100 

100 

100 

100 

100 

--- 
--- 
2 00 

200 

200 

2 00 

--- 
200 

200 

200 

--- 

0 

19.0 

17 -3 
13.8 
11.6 

9.5 
8.1 
0 

0 

0 

5.9 
4 .7 
4.2 

3 -8  

4.4 
4.0 

3.4 

0 

0 

IV-56 
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TABLE IV. DISCHARGE OF CELLS UTILIZING DISSOLVED 
ACTIVE CATHODE MATERIALS (Continued) 

10. Calcium-Sulfuric Acid. 

Anode - calcium; area, 1 em2; weight, ca.  0.24 grams. 

Cathode - H2S04 (ca. 4 molar)  contained i n  a porous carbon v e s s e l  which 
was p l a t i n i z e d  on the in s ide .  This v e s s e l  a l s o  served as the  
c u r r e n t  c o l l e c t o r .  

E l e c t r o l y t e  - 2.5 molal morpholinium hexafluorophosphate-acetonitrile. 

Cel l  s t r u c t u r e  - The anode and t h e  carbon v e s s e l  were pos i t i oned  i n  a 
beaker con ta in ing  the  e l e c t r o l y t e .  

Reference e l e c t r o d e  - Ag/AgCl. 

T i m e  
Minute s ) 

0 

3 
4 
9 03 
25 
37.3 
58 
89 
143 
158 
180 

195 
211 
222 

223 

C e l l  Voltage 

2.20 

2.20 

1.49 
1.45 
1.23 
0.78 
0.76 
0.62 

0.52 
0.57 

0.43 
0.37 
0.22 

0.18 
1.54 

Res i s  t ance 
(Ohms ) 

--- 
--- 
100 

100 

50 

50 

50 

50 

50 

50 
50 
50 
50 
50 

--- 

Current  
(ma) 
0 

0 

14.9 
14.5 
24.6 
15.6 
15.2 
12.4 
11.4 
10.4 
8.6 
7 04 
4.4 
3.6 
0 

A l l  calcium w a s  consumed. 

IV-57 

Calcium vs. 
Reference ( V o l t s )  

-1.94 

-1.60 
-1.92 
-1.85 

-1.72 
-1.65 
-1.63 
-1.60 
-1.50 

-2 07 

-1.72 

-1.41 
-1.20 

-1.22 
-2.22 



TABLE IV. DISCHARGE OF CELLS UTILIZING DISSOLVED 
ACTIVE CATHODE MATERIALS (Continued) 

11. Calcium-Sulfuric Acid. 

Anode - calcium; area, 1 cm2; weight, ca. 0.24 grams. 

Cathode - H2S04 (ca. 4 molar) contained i n  a porous carbon v e s s e l  which 
was p l a t i n i z e d  on t h e  ou t s ide .  
c u r r e n t  c o l l e c t o r .  

This v e s s e l  a l s o  served as the  

E l e c t r o l y t e  - 2.5 molal morpholinium hexafluorophosphate-acetonitrile. 

Cel l  s t r u c t u r e  - The anode and the carbon v e s s e l  were placed i n  a beaker 
con ta in ing  the  e l e c t r o l y t e .  

Reference e l e c t r o d e  - Ag/AgCl. 

Time 
(Minutes)  

0 

0.9 
2.1 

4 -9 
16 
19.6 
20 

24 
28 
32 
32.5 
34 
40 
40.8 
41 
42 
59 
82 
97 
98 
99 

Ce l l  Voltage 

2.47 
1.68 
1.65 
1.53 
1.54 
1.82 
1.30 
1.34 
1.40 
1.84 
0.80 
0.85 
0.80 
1.78 
0.29 
0.32 
0.30 
0.26 
0.22 

0.18 
1.70 

Res  is t ance 
(Ohms ) 

--- 
100 

100 

100 

100 
--- 

50 

50 
50 

--- 
l o  
10 

10 

2 

2 

2 
2 

2 
2 

zr 
0 

16.8 
16.5 
15  *3 
15.4 
0 

26.0 
26.8 
28.0 

0 

80 
85 
80 
0 

145 
160 
150 
120 

110 

90 
0 

Calcium v i r t u a l l y  a l l  consumed. 

IV-58 

Calcium vs. 
Reference (Vo 1 t s ) 

-1.92 
-1.67 
-1.83 
-1.80 
-1.93 
-2.13 
-1.80 
-1.90 
-1 9 95 
-2.13 
-1 55 
-1.67 
-1.68 
-2.10 

-1.33 
-1.40 
-1.50 
-1 55 
-1.48 
-1.52 

-2.20 



TABLE IV. DISCHARGE OF CELLS U T I L I Z I N G  DISSOLVED 
ACTIVE CATHODE MATERIALS (Continued) 

12. Lithium-Morpholinium Hexafluorophosphate. 

Anode - l i t h ium;  area, 1 cm2; weight, ca.  0.075 grams. 

Cathode - e l e c t r o d e  of s i n t e r e d  n i cke l ;  area, 1 cm2. Act ive  ca thode  
material ,  morpholinium hexaf luorophosphate ( d i s s o l v e d ) ,  
1 molal i n  EC-PC*, volume, 1 5  m l .  

E l e c t r o l y t e  - t he  cathode s o l u t i o n  was u t i l i z e d  as t h e  e l e c t r o l y t e .  

Reference e l e c t r o d e  - Ag/AgCl. 

T i m e  
IMinutes ) 

0 

4 

5 
29 
38 
60 

120 

180 

300 
420 
660 

900 
1050 

I200 

1201 

* 8 6  E 

R e  s i s  t ance Cur ren t  Lithium vs. 
Cel l  Voltage (Ohms) ( m a )  Reference ( V o l t s )  

2-99 
1.70 
1.38 
1.34 
1.34 
1.20 

1.10 

1.00 

0.90 

0.80 
0.70 

0.60 

0.70 
0.70 
1.85 

--- 
100 

100 
100 

100 

100 
100 

100 
100 

100 

100 
100 
100 

100 
--- 

0 

17.0 
13.8 
13.4 
13.4 
12.0 

11.0 

10.0 

9.0 
8.0 

7.0 
6.0 

7.0 
7.0 
0 

hylene  Carbonate - 2 6  Propylene Carbona 

IV-59 
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TABLE I v .  DISCHARGE OF CELLS UTILIZING DISSOLVED 
ACTIVE CATHODE MATERIALS (Continued ) 

13. Li th ium-Su l fu r i c  Acid.  

C e l l  s t r u c t u r e  - Holes were d r i l l e d  i n  a porous ca rbon  b lock  t o  o b t a i n  t h e  

(TOP V i e w )  
c o n f i g u r a t i o n  i l l u s t r a t e d  below: 

The l a r g e  c e n t r a l  h o l e  w a s  1" i n  d i ame te r  and 3.5 cm. deep .  
E i g h t  1/8" diameter  h o l e s ,  3.9 cm.  deep were s i t u a t e d  
symmetr ica l ly  about  t h e  l a r g e  h o l e  a t  a d i s t a n c e  of 0.1 cm 
from t h e  pe r iphe ry .  The s u r f a c e  of  t h e  h o l e s  was l i g h t l y  
p l a t i n i z e d .  The weight  of t h i s  s t r u c t u r e  was 144 grams. 

Anode - l i t h i u m  rod ;  d imens ions ,  1/2" d i a m e t e r ,  3 cm.  l e n g t h .  This was 
p o s i t i o n e d  i n  t h e  c e n t r a l  h o l e  which con ta ined  t h e  e l e c t r o l y t e ,  
1 mola l  MgC12-N-nitrosodimethylamine. 

Cathode - H2S04 (ca.  4 molar )  was p l aced  i n  each  of t h e  1/8" d iame te r  h o l e s .  
The carbon s t r u c t u r e  served a s  t h e  c u r r e n t  c o l l e c t o r  f o r  t h e  ca thode .  

Reference e l e c t r o d e  - Ag/AgCl. 

Time Res i s t ance  C u r r e n t  Li th ium vs .  
(Minutes)  C e l l  Vol tage  (Ohms) (ma) Reference  ( V o l t s  ) 

0 

0.2 

1.6 
3-8 
6.5 

ii. 5 
16 
21 

21.2 

21.7 
22 
22.4 
24 
24.6 
25 

8.7 

25.5 
25.8 
26.6 

3.32 
2.20 

2.07 
1.96 
1.85 
1.80 

1.74 
1.74 
1.68 
2.84 
2.90 
1.40 
1-33 
1-28 
2.80 
2.88 
0.53 
0.50 

0.45 

100 

100 

100 

LO0 

100 

100 

100 

100 

--- 
lo 

10 

10 

0 

22.0 

20.7 
19.6 
18.5 
18.0 

17.4 
17.4 
16.8 
0 

0 

28.0 
26.6 
25.6 
0 

0 

53 .o 
50.0 

45.0 

-2.70 
-1.98 
-2.08 
-2.10 
-2.18 
-2.23 

-2.29 
-2 -33 
-2.38 
-2.80 
-2.80 
-2.10 
-2.18 
-2.25 
-2.80 
-2. ti0 

-1.58 
-1.68 
-1. 07 
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TABLE IV. DISCHARGE OF CELLS UTILIZING DISSOLVED 
ACTIVE CATHODE MATERIALS (Continued) 

13. Lithium-Sulfuric Acid. (Continued) 

Time 
(Minutes ) 

30.4 
30.8 

32.5 
33 
35 
40 
40.5 
41.5 
42 

43.5 
50 

52 

67 
105 

165 
225 

285 
345 
405 
465 
525 
585 
650 
651 

770 
977 
979 

Cell Voltage 

0.34 
2.80 
3.08 
2.68 
2.62 
2.58 
2.84 
3 . io  

2.23 
2.47 

2.40 

2.54 
2.40 
2.28 
2.12 

1.92 
1.72 
1.52 

1.36 
1.20 

1.04 

0.90 
0.50 

0.20 

0.14 
0.12 

2.20 

Res is t ance 
(Ohms ) 

10 

250 

250 

34 .O 

0 

0 

5 94 
5 -3 
5 -2 
0 

0 

9.6 
8.9 
9.9 

10.2 

9.6 
9.1 
8.5 
7.7 
6.9 
6.1 

5 -4 
4.8 
4.2 

3.6 
2 .o 
0.8 

0.6 

0.5 

0 

Lithium vs. 
Re fer e nce ( Vo 1 t s ) 

-1.65 
-2.78 
-2.80 
-2.68 

-2.68 

-2.80 

-2.67 

-2.80 

-2.54 
-2.58 
-2.62 
-2.63 
-2.68 

---- 
e--- 

---- 

---- 
abrupt drop in cell 

voltage 
---- 

-1.60 

IV-61 



TABLE IV. DISCHARGE OF CELLS UTILIZING DISSOLVED 
ACTIVE CATHODE MATERIALS (Continued) 

14. Lithium-Sulfuric Acid. 

Cell design - A porous carbon vessel containing 4.4 molar H2S04 as the 
active cathode material was positioned in a polyethylene 
container between two lithium electrodes which were immersed 
in a morpholinium hexafluorophosphate-N-nitrosodimethylamine 
electrolyte. The carbon vessel served as the cathode 
current collector. 

Description of cell components - 
A. Carbon vessel: External Internal 

length 5.64 cm. 5.0 cm. 
width 3.64 cm. 3.0 cm. 
depth 3.52 cm. 3.2 cm. 

i.e. the walls of the vessel were approximately 0.32 cm. in thickness. 
Weight of vessel = 44.5 grams. 

B. Polyethylene cell container: 
length = 12.6 cm. 
width = 7.6 cm. 
depth = 4.5 cm. 

Weight of container plus cover = 57 grams. 

C. Anodes: 
Lithium was cast in the form of oblong blocks around a length of nickel 
screen 1 cm. in width. The dimensions of the blocks were: 

length = 5 cm. 
width = 2.6 cm. 
depth = 2.6 cm. 

Two such blocks were employed in the cell. The weights of lithium in these 
blocks were 19.5 and 20 grams. 

The weight of each nickel screen was 1.5 grams. 

4.4 molar H2S04 - 45 ml; weight, 57 grams. D. 

E. lrnolal morpholinium hexafluorophosphate - 100 ml. 

F. Total weight of cell = approximately 300 grams. 

IV-62 



TABLE IV. DISCHARGE OF CELLS UTILIZING DISSOLVED 
ACTIVE CATHODE MATERIALS (Continued) 

15 .  Lithium-Sulfuric Acid. 

Cell components were the same as for No. 14, except for the following changes: 

A. The sides of the carbon vessel were made thinner so that they were 0.15 cm. 
thick. 

(c6H5) (CH3)4NPF6-N-nitrosodimethylamine (1 molal) was used as the elec- 
trolyte instead of morpholinium hexafluorophosphate-N-nitrosodimethylamine. 

The lithium electrodes were the same ones that had been used in cell No. 14. 
(Only a small fraction of the lithium capacity had been used.) Each lithium 
electrode was scraped to remove reaction products. 
lithium electrode (including nickel screen) was approximately 22 grams. 

Weight of vessel = 34.2 grams. 

B. 

C. 

The weight of each 

D. Total weight of cell= 296 grams. 

Time Res is t ance Cur r en t Lithium vs. 
(Minutes) Cell Voltage (Ohms) (ma) Ag/AgCl Reference (Volts) 

0 

2.5 

3.9 
4 -7  
7.5 

12.4 
8.4 

l a  
19 
19*3  
--- 
22 

22.6 

25 

35 
50 

100 

127 
128 

13 8 
139 

3 -35 
1.80 
1.30 
1.25 

1.20 

1.65 
1.60 

1-57 
1.20 

1.15 
1.50 

1.85 
1.88 
1.90 
1.89 
1.85 
1.78 

1.55 

--- 
lo 

5 
5 
5 

10 

10 

10 

5 
5 

10 

20 

20 

20 

20 

20 

20 

20 

20 

0 

180 
260 

250 

24 0 

165 
160 

157 
24 0 

230 
150 

92.2 

94 -0  

95.0 
94.5 
92-5 
89.0 

77.5 
0 

0 

100 

---- 
-2.90 
-2.91 
-2.91 
-2.90 
-2. aa 
-2. aa 
-2 93 
---- 

-2. a5 

IV-64 



I TABLE IV. DISCHARGE OF CELLS UTILIZING DISSOLVED 
ACTIVE CATHODE MATERIALS (Continued ) 

15.  Lithium-Sulfuric Acid. (Continued) 
I 

Time Res is t ance Current Lithium vs. 
i (Minutes) Cell Voltage (Ohms) (ma) Ag/AgCl Reference (Volts) 

14 0 

14 5 
1 5  7 
172 
187 
201 

207 
219 
230 
240 

360 

600 
4 80 

720 
840 

1020 

1080 
l loo 
1125 

1126 

2.20 

2.23 
2.25 

2.25 

2.30 
2.08 
2.04 
2.19 

2.27 

2.10 

2.00 

1.90 
1.80 
1.80 
1.70 
1.60 
1.60 

1.60 
2.20 

---- 

40 

40 

40 
40 

40 

40 
20 

20 

30 
30 

30 
30 

30 
30 
30 
30 

30 
30 

30 
--- 

55 -0  

55.8 
56.3 
56 -3  
56.7 
57.5 

104 
102 

73.0 
70.0 
66.6 
63.2 
60.0 
60.0 
56.6 

53.2 
53 -2  
---- 
53 -2  
0 

---- 
-2.87 
-2.87 
-2.85 
-2.83 
-2.89 
-2.86 
-2.85 
-2.84 
---- 

---- 
-2.72 
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b .  

TABLE Iv. DISCHARGE OF CELLS UTILIZING DISSOLVED 
ACTIVE CATHODE MATERIALS (Continued ) I 

I 16. Lithium-Sulfuric Acid. I 
Cell components were the same as for No. 15. The same lithium anodes were 
used after scraping to remove products formed during the discharge of cell 
NO. 15. 

The N-nitrosodimethylamine electrolyte and the sulfuric acid were replenished. 

Hexane was poured over the NDA electrolyte (immiscible) to prevent evaporation. 

Total weight of cell = 310 grams. 

Time Res is t ance Current Lithium vs . 
(Minutes) Cell Voltage (Ohms) (ma) Reference (Volts) 

0 2.80 --- 0 

1 2.30 30 76.9 
2 2.16 30 72.0 
22 2.12 30 70.7 
35 2.12 30 70.7 
53 2.13 30 71.0 
72 2.13 30 71.0 
142 
165 
245 
295 
307 
312 
3 52 
432 
447 
459 

600 

i I 

i 
1 

4 80 

2.10 
2.06 
1.98 
1-94 
1.03 
1.85 
1.88 
1.82 
1.81 
1.81 

1.65 
1-79 

70.0 
68.8 
66.0 
64.7 

61.7 
62.7 
60.6 
60.2 
60.2 
59.6 
55.0 

206 

720 1.60 30 53 -3 
960 1.58 30 52.6 
1080 1.50 30 50.0 
1320 1.40 30 46.5 
144 0 1.30 30 43.4 

IV-66 

-2.82 
-2.67 
-2.68 
-2.69 
-2.70 
-2.70 
-2.71 
-2 73 
-2.72 
-2 70 
-2 70 
-2 -40 
-2.63 
-2.68 
-2.65 

-2.63 
-2 65 



TABLE I V .  DISCHARGE OF CELLS UTILIZING DISSOLVED 
ACTIVE CATHODE MATERIALS (Continued ) 

16. Li th ium-Sul fur ic  Acid. (Cont inued)  

T i m e  Res i s t ance  Cur ren t  Li th ium vs.  
(Minutes)  C e l l  Vol tage (Ohms) ( m a )  Reference  ( V o l t s )  

1600 
1840 
2080 

2220 

2460 
2940 
3060 
33 00 

3420 
4380 
5100 

5760 
5761 

1.20 

1.00 

1.00 

0.90 
0.80 
0.80 

0.80 

0.70 
0.60 
0.60 
0.50 

0.50 

2 -35 

40.0 
33 -3 
33 -3 
30.0 

26.6 
26.6 
26.6 
23 93 
20.0 

20.0 

16.6 
16.6 
0 

A t  t h i s  t i m e ,  t h e  d i s c h a r g e  w a s  i n t e r r u p t e d .  A l a r g e  amount of  
w h i t e  s o l i d  had formed on t h e  l i t h i u m  e l e c t r o d e .  This  was removed 
by s c r a p i n g  and t h e  d i s c h a r g e  cont inued .  

5768 
5769 
5770 
5780 
5793 
5796 
5 801 

5877 
6168 
6305 
6665 
6905 
7115 
713 5 
7137 

2.29 
1.65 
1.55 
1.28 
1.10 

0.10 

1.00 

0.90 

0.75 
0.75 
0.70 
0.62 
0.60 
0.60 
1.38 

0 

55.0 
51.7 
42.6 
36.6 
100 

33 -3 
30.0 

25 .o 
25 .o 
23 03 
20.6 
20.0 

20.0 

0 



TABLEIV . DISCHARGE OF CELLS UTILIZING DISSOLVED 
ACTIVE CATHODE MATERIALS (Cont inued)  

17. Li th ium-Sul fur ic  Acid. 

Cel l  s t r u c t u r e  - A po lye thy lene  c o n t a i n e r  w a s  p a r t i t i o n e d  i n t o  t h r e e  com- 
par tments  by u s e  of two carbon d i v i d e r s ,  which a l s o  se rved  
as c u r r e n t  c o l l e c t o r s  f o r  t h e  ca thode .  

The middle  compartment con ta ined  1 mola l  ( C ~ H ~ ) ( C H S ) ~ N P F ~ -  
N-nitrosodimethylamine e l e c t r o l y t e ,  a long  w i t h  a l i t h i u m  
anode. 
s u l f u r i c  a c i d  as the  a c t i v e  ca thode  material .  

The two o u t e r  compartments con ta ined  4.4 molar  

D e s c r i p t i o n  of C e l l  Components - 
A. Po lye thy lene  c o n t a i n e r :  

Dimensions: Base = 7.2 x 7.2 cm.  
= 8.2 x 8.2 cm.  Top 

Depth = 6 cm. 

B. Carbon d i v i d e r s :  (Helwig Carbon - 34151) 
Dimensions: Length = 7.65 cm. 

Width = 5.05 cm.  
Thickness  = 0.3 cm. 

Pre- t rea tment :  The plates were e l e c t r o l y z e d  i n  s u l f u r i c  a c i d  
p r i o r  t o  u s e  f o r  t h e  purpose of  i n c r e a s i n g  t h e  p o r o s i t y  of  t h e  
carbon.  Fol lowing t h i s ,  t h e  p l a t e s  were p l a t i n i z e d .  

The weights  of t h e  two p l a t e s  were 19.1 and 18.7 grams. These 
d i v i d e r s  were bonded t o  t h e  c o n t a i n e r  w i t h  epoxy g l u e  a t  a 
d i s t a n c e  o f  1 c m  from each  end a t  t h e  base .  

C .  Li thium e l e c t r o d e  - t h e  same two l i t h i u m  b locks  which had been u t i l i z e d  
i n  c e l l s  No. 14, 15 and 16 were used.  (Only a s m a l l  
f r a c t i o n  of t h e  l i t h i u m  had been consumed t h u s  f a r . )  
The blocks were p laced  one on t o p  of t h e  o t h e r  i n  t h e  
c e n t r a l  compartment of  t h e  c e l l  c o n t a i n e r .  

T o t a l  weight  of  l i t h i u m ,  38.46 grams. 

T o t a l  weight  of n i c k e l  s c reen ,  3.00 grams. 

D. Cathode s o l u t i o n  - 4.4 molar  H,SO4; t o t a l  of  63 m l .  d iv ided  between 
two compartments. 

E. E l e c t r o l y t e  - 100 m l .  of  1 molal (C6H5)(CH3)3NPF6-N-nitrosodimethy1amine. 

F. T o t a l  weight  of assembled cel l  = 304.4 grams. 
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T BLE Iv. DISCHARGE OF CELLS UTILIZING DISSOLVED 
ACTIVE CATHODE MATERIALS (Continued ) 

17. Lithium-Sulfuric Acid. (Continued) 

I 
I 
i 
I 
I 1 

t 
I 
I 
I 
I 
i 
I 
I 
I 
I 

I 

Time 
(Minutes ) 

0 

1.7 
2.6 
5 
8.4 
11.5 
11.8 
15 
18 
18.8 
21.6 
21.8 

28 
24.8 

31.8 
32 
35 
38 
38.4 
41.7 
41.9 
44.8 
45 
45.5 
48.4 
49.8 
50 
53 

Lithium VS. Res is t ance Current 
Cell Voltage ( Ohms ) (ma) Reference (Ag/AgCl) 

3.10 
3 -07 
2-95 
2.84 
2.78 
2.68 
2.60 
2.50 

2.50 
2.52 

2.50 
2.44 
2 939 
2 -33 
2.25 

2.19 
2.10 
2.01 

1.82 
1.65 
1.35 
1.20 

0.80 
0.73 
0.62 
0.62 
0.37 
0.34 

--- 
--- 
100 
100 

100 

100 

50 
50 

50 
50 

50 
30 
30 
30 
30 
20 

20 

20 

10 
10 

5 
5 
2 

2 

2 

2 

1 
1 

0 

0 

29.5 
28.4 
27.8 
26.8 
52.0 
50.0 

50.0 

50.3 
50.0 

81.4 
79.7 
77.7 
75 - 0  

109 
105 
100 

1 82 
165 
170 
24 0 
4 00 
365 
3 10 

310 
370 
34 0 

IV-69 

---- 
-2.78 
-2.72 
-2.70 
-2.71 
-2.68 
-2.63 
-2.58 
-2.61 
-2.65 
-2.65 
-2.62 
-2 57 
-2.52 
-2.45 
-2.40 
-2 -34 
-2.26 
-2.10 
-1.95 
-1.70 
-1. a2 
-1.17 
-1.11 

-1.00 

-1.00 

-0.72 
-0.68 



TABLE I V .  DISCHARGE OF CELLS UTILIZING DISSOLVED 
ACTIVE CATHODE MATERIALS (Cont inued)  

17. L i th ium-Su l fu r i c  Acid. (Cont inued)  

Time Res  i s  tance  C u r r e n t  Li th ium vs . 
(Minutes)  C e l l  Vol tage  (Ohms) ( m a )  Reference  (Ag/AgCl) 

56.5 1-93 --- 0 -2.10 

A t  t h i s  p o i n t ,  t h e  d i s c h a r g e  was d i scon t inued .  H,S04 had l eaked  
around and through t h e  d i v i d e r s  t o  an  a p p r e c i a b l e  e x t e n t ,  c a u s i n g  
c o r r o s i o n  of t h e  l i t h i u m .  The l i t h i u m  s u r f a c e  w a s  s c raped  c l e a n ,  
t h e  e l e c t r o l y t e s  were r ep len i shed ,  and d i s c h a r g e  resumed. 

t 
I 
I 
I 
I 
I 
I 
t 
I 
1 

0 1.0 1 1000 

1 0.95 1 950 

3 -9  0.70 1 700 
4.7 1.40 - -- 0 

-2.00 

-2.08 

-1.70 
-1. go 

Acid leaked  around carbon d i v i d e r s  and cor roded  l i t h i u m  a g a i n .  
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TABLE I V  . DISCHARGE OF CELLS UTILIZING DISSOLVED 
ACTIVE CATHODE MATERIALS (Continued ) 

18. Lithium-Cuprous Ch lo r ide .  

C e l l  s t r u c t u r e  - e x a c t l y  t h e  same as f o r  c e l l  No. 15. (Carbon vessel 
c o n t a i n s  ca thode  s o l u t i o n . )  

Anode - Two l i t h i u m  b locks  used i n  p rev ious  c e l l s  ( s u r f a c e s  s c r a p e d ) .  

Weights of l i t h i u m  b locks  ( i n c l u d i n g  n i c k e l  s c r e e n )  = 21.13 
grams and 19.96 grams. 

Cathode - Cu$12 ( d i s s o l v e d ) ,  1 molal  i n  dimethylformamide. 

E l e c t r o l y t e  - 1 mola l  (C6H5) (CH3)3NPF6-N-nitrosodimethylamine. 

Weight of carbon vessel = 37.74 grams. 

T o t a l  weight  of c e l l  = 283.1 grams. 

Reference  e l e c t r o d e  - Ag/AgCl. 

45 m l .  used .  

Time Res i s  tance  
(Minutes)  Cel l  Vol tage  (Ohms) 

0 

0.9 
1.1 

2.4 
4.3 
9.9 

10.3 
l l . 4  
15 
20 

20.1 

20.2 

25 
30 
30.1 
34.2 
40 
40.5 
43.8 
49.7 

2-79 
2.80 

2.50 
2-55 

2.45 
2.41 
2.22 

2.15 
2 . l l  

2.10 
---- 
1.91 
1.83 
1.81 
1-73 
1.70 
1.69 
1.60 
1-57 
1*53 

--- 
--- 
100 
100 

100 

100 

50 
50 

50 

50 
30 
30 

30 
30 
25 
25 
25 
20 

20 

20 

C u r r e n t  
(ma) 

0 

0 

25.5 
25.0 
24.5 
24.1 
22.2 

21.5 
21.1 

21.0 
---- 
63 -7  
61.0 
60.2 
69.4 
68.0 
67.6 
80.0 

78.6 
76.5 

I V - 7 1  

L i th ium vs. 
Ag/AgC 1 (Vo 1 t s ) 

-2.80 

-2.80 

-2.76 
-2 77 
-2.78 
-2 79 
-2 77 
-2.78 
-2 79 
-2 - 79 

-2.77 
-2.78 
-2.78 
-2 77 
-2.78 
-2.78 
-2 - 77 
-2.78 
-2.78 



TABLE IV. DISCHARGE OF CELLS UTILIZING DISSOLVED 
ACTIVE CATHODE MATERIALS (Continued) 

18. Lithium-Cuprous Chloride. (Continued) 

Time  
(Minutes 1 Cell  Voltage 

50 1.27 
54.7 1.14 
59.8 1.10 

60 0.82 
60.5 0.80 
64.5 0.74 
66.2 0.73 
70 
70.5 1.95 

---- 

75 2.19 
80 2.23 

90 2.30 
90.2 2.00 

95 1.83 
100 1.78 

113 1.68 
127 1.62 
13 8 1.56 
149 1.54 

150 
1 5 1  2.28 
152 2.38 

85 2.27 

105 1-73 

---- 

158 2.48 

Res i s  t ance 
(Ohms ) 

10 

10 

10 

5 
5 
5 
5 

100 

100 

100 
100 

100 

100 

30 
30 
30 
30 
30 
30 
30 
30 
--- 
--- 
--e 

--- 

xr 
3-27 
114 
110 

164 
160 
14 8 
146 
-- 
19.5 
21.9 
22.3 

23 .o 
86.7 
61.0 

59-3 
57.6 
56.0 

52 .o 
51.3 
0 

0 

0 

0 

22.7 

54.0 

Lithium vs. 
Ag/AgCl (Volts1 

-2.74 
-2 73 
-2 73 
-2.70 
---- 

-2 e 70 
-2.70 
-2.80 
-2.81 
-2.82 

-2.82 
-2.81 
-2.82 

-2 79 
-2 79 
-2 79 
-2 - 79 
-2 79 
-2.80 

-2 79 
-2.80 
---- 

-2.87 
-2.88 
-2.88 

Observation: No insoluble corrosion products had formed a t  the lithium surface. 
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TABLE I V .  DISCHARGE OF CELLS UTILIZING DISSOLVED 
ACTIVE CATHODE MATERIALS (Cont inued)  

19.  Lithium-Cupric Chlor ide .  

C e l l  s t r u c t u r e  - A c y l i n d r i c a l  carbon v e s s e l  c o n t a i n i n g  an  aqueous 
s o l u t i o n  of c u p r i c  c h l o r i d e  d i h y d r a t e  (CuC12*2H20) 
w a s  p o s i t i o n e d  between two l i t h i u m  e l e c t r o d e s  which 
were immersed i n  a n  e t h y l e n e  carbonate-propylene 
c a r b o n a t e  e l e c t r o l y t e  i n  a p o l y e t h y l e n e  c o n t a i n e r .  
The carbon v e s s e l  s e r v e d  as t h e  ca thode  c u r r e n t  
c o l l e c t o r .  

D e s c r i p t i o n  of c e l l  components - 
A .  Carbon v e s s e l :  

Dimensions: E x t e r n a l  d iameter  = 5 cm. 
Length = 3.5 cm. 
I n t e r n a l  d iameter  = 4 cm. 
I n t e r n a l  l e n g t h  = 3 cm. 

Weight of vessel = 47.7 grams. 

B . Polye thylene  c o n t a i n e r :  

Weight = 39.7 grams. 

C .  L i th ium anodes - The b l o c k  anodes from c e l l  No. 28 were u t i l i z e d  
a g a i n .  

Weights of l i t h i u m  anodes; 18.50 and 18.25 grams. 

Weights of n i c k e l  scre .ens ,  1.50 and 1.50 grams. 

D. Cathode s o l u t i o n  - l m o l a l  CuCi2*2H20 i n  water. Volume employed 
= 50 m l .  

E .  E l e c t r o l y t e  - 1 mola l  (C6H5)(CH3)3NPF6 i n  e t h y l e n e  c a r b o n a t e  
(8@)-propylene carbon.ate (2%). Volume employed 
= 100 m l .  

T o t a l  weight  of assembled ce l l  = approximate ly  300 grams. 

Reference e l e c t r o d e  - Ag/AgCl 
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TABLE IV. DISCHARGE OF CELLS UTILIZING DISSOLVED 
ACTIVE CATHODE MATERIALS (Continued) 

19. Lithium-Cupric Chloride. (Continued) 

Time 
(Minutes ) 

0 

2 
2.6 

4.5 

23.2 
47.6 
54 
56 

83 
84.7 
86 
91 

98.5 
113 
122 

150 

157 
174 

197 

209 
24 5 
425 

545 

13.4 

74.2 

Cell Voltage 

---- 
2.83 

2.30 

2.25 

2.13 
1.91 

1.77 

1.75 
1.83 

1.63 
---- 
2.27 

1.80 

1.73 

1-79 
1.68 

1.69 

1.67 

1.68 

1.65 

1.61 

1.72 

1.40 

1.20 

1.20 

Resistance 
(ohms) 

--- 
--- 
100 

100 

100 

100 

100 

100 

100 

100 
--- 
--- 
100 
100 

100 

100 
100 

100 
100 
100 
100 
100 

100 
100 
100 

Current 
(ma> 

0 

0 

23 
22.5 

21.3 
19.1 

17.7 

17.5 
18.3 

16.3 

0 

0 

18.0 

17-3 

17.9 
16.8 

16.9 

16.7 

16.8 

16.5 

16.1 

17.2 

14.0 

12.0 

12 .o 

Lithium vs. 
Reference (Volts) 

----. 
-2.72 
-2 -40 

-2.45 

-2 -43 
-2 -42 

-2.50 

-2.51 

-2.52 

-2 -48 
-2 55 
-2.64 

-2.38 

-2.49 

-2 -47 
-2 -47 
-2.46 

-2 e 4 5  
-2 -46 
-2.44 

-2 e 4 3  
-2 e 4 3  
---- 
---- 
---- 
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TABLE IV. DISCHARGE OF CELLS UTILIZING DISSOLVED 
ACTIVE CATHODE MATERIALS (Continued) 

19. Lithium-Cupric Chloride. (Continued) 

Time  
( M i  nu tes ) 

665 
905 
1025 
1085 

1110 
11ll 

1118 

1127 

Cell Voltage 

1.00 

1.00 
1.00 
1.10 
1.10 

1.58 

1.96 

2.03 

Resistance 
0 

100 

100 

100 

100 

100 

--- 

E 
10.0 
10.0 

10.0 
11.0 

11.0 
0 

0 

0 

Lithium vs. 
Refetence (Vol t o )  
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TABLE V* CHEMICAL STABILITY OF ANODE MATERIALS 
IN ELECTROLYTE SOLUTIONS 

Tests of Two Weeks Duration. Page 

A. Stability in Acetonitrile Solutions. IV-78 

Solute Anode Material 

1. (~-C~H~)$"HASF~ Ca 
(Di-n-butylammonium hexaf luoroarsenate ) Mg 

2. AlC13 Mg 

"2PF6 
/CH2CH2. 

3' O,CH2CH2/ 
(Morpholinium hexafluorophosphate) 

Ca 

4. (n-C3H7)4NPF6 Ca 
(Tetra-n-propylammonium hexaf luorophosphate ) 

B. Stability in Dimethylformamide Solutions. 117-80 

1. 

2. 

3 .  

4. 

5 .  

(CH3 dPF6 
(Tetramethylammonium hexafluorophosphate) 

( n-C 4H9 ) ~"2hF 6 
(Di-n-butylammonium hexaf luoroarsenate ) 

(Morpholinium hexaf luorophosphate) 

(C6H5) (CH3)3NPF6 
(N-phenyl N,N,N-trimethylammonium hexa- 
f luorophosphate ) 

( n-C3H7 ) 3NHAsF6 
( Tr i -n-propy lammonium hexaf luoroars ena te ) 

C. Stability in 80 WT 4 Ethylene Carbonate- 
20 WT $ Propylene Carbonate Solutions. IV- 83 

1. ( C6H5 ( CH3 ) 3NPF6 Ca 
(N-phenyl N,N,N-trimethylammonium hexa- Li 
f luorophosphate) Mg 
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TABLE V, CHEMICAL STABILITY OF ANODE MATERIALS 
IN ELECTROLYTE SOLUTIONS (Continued) 

Page 

C. Stability in 80 WT $ Ethylene Carbonate- 
20 WT 8 Propylene Carbonate Solutions. (Continued) IV-83 

2. ( n-C3H7) 3NJ3AsF6 Ca 
Mg ( Tr i -n-propy lammonium hexaf luor oarsenate ) 

(Morpholinium hexaf luorophosphate) 
Ca 
Mg 

D. Stability in N-Nitrosodimethylamine Solutions. IV-85 

1. ( n-C4H9)2NH2A~F6 Mg 
( D i -n-bu ty lammonium hexaf luoroars ena t e ) 

(Morpholinium hexaf luorophospha te ) 

Li 
Mg 

3 .  ( n-C3H7)3NHAsF6 Li 
( Tr i -n-propy lammonium hexaf luoroarsena te ) 
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TABLE V I .  CHEMICAL STABILITY OF CATHODE 
MATERIALS I N  ELECTROLYTE SOLUTIONS. 

Tests of Twenty-Four Hours Duration. 
A. S t a b i l i t y  i n  A c e t o n i t r i l e  So lu t ions .  

So lu te  

1. A l C 1 3  

Cathode V i s i b l e  Change A f t e r  
Material 24 Hour Exposure 

C U F ~  

Mn02 

S o l u t i o n  c o l o r  changed from c o l o r l e s s  
t o  green. 

S o l u t i o n  c o l o r  changed from c o l o r l e s s  
t o  t an .  

CoF3 S o l u t i o n  c o l o r  changed from c o l o r l e s s  
t o  brown. 
brown t o  b lue .  

C O F ~  c o l o r  changed from 

cu  No change. 

2. LiCl C U F ~  No change. 

MnO, No change. 

C O F ~  No change. 

cu  No change. 

3 ( P - C 1 2 H 2 5 C 6 H * C H 2 ) ( C H 3 ) 3 N ~ ~  CuF2 S o l u t i o n  c o l o r  changed from f a i n t  
( N -  ( p-Dodecylbenzyl )N ,N,N- yellow t o  c o l o r l e s s .  
trimethylammonium hexa- 
f luorophosphate) MnOa S o l u t i o n  c o l o r  changed from f a i n t  

yellow t o  c o l o r l e s s .  

C O F ~  S o l u t i o n  c o l o r  changed from f a i n t  
yellow t o  c o l o r l e s s .  

cu So lu t ion  c o l o r  changed from f a i n t  
yellow t o  c o l o r l e s s .  

( Te  t r  m e  thy lammonium 
hexaf luorophosphate ) MnOa No change. 

C OFS No change. 

cu  No change. 
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TABLE V I .  CHEMICAL STABILITY OF CATHODE MATERIALS 
I N  ELECTROLYTE SOLUTIONS 

Tests of  24 Hours Dura t ion .  
A. S t a b i l i t y  i n  A c e t o n i t r i l e  S o l u t i o n s .  (Continued) 

S o l u t e  

5 ( C s H 5  ) ( C H 3  ),NPF€i 
(N-Phenyl N , N , N -  L 

trimethylammonium 
hexaf luorophosphate  ) 

Cathode V i s i b l e  Change After 
Material 24 Hour Exposure 

C U F ~  S o l u t i o n  c o l o r  changed from clear 
g ray  t o  b lue-green .  

MnOa S o l u t i o n  c o l o r  changed s l i g h t l y  from 
c l e a r  g r a y  t o  l i g h t  b lue .  

C OF, S o l u t i o n  c o l o r  changed from clear 
g r a y  t o  orange-yel low.  

c u  No change. 

6. (n-C3H7)3NHAsF6 
( Tr i -n - p r op y 1 ammonium 
hexaf  l u o r  o a r s  e n a t e  ) 

C U F ~  

Mn02 

No change. 

S o l u t i o n  c o l o r  deepened. 

C O F ~  No change. 

c u  No change. 
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TABLE V I .  CHEMICAL STABILITY OF CATHODE 
I MATERIALS I N  ELECTROLYTE SOLUTIONS (Continued)  

Tests of  Twenty-Four Hours Dura t ion .  (Cont inued)  
~ B. S t a b i l i t y  i n  Dimethylformamide S o l u t i o n s .  

S o l u t e  

I 
i 

1. L i C l  

Cathode V i s i b l e  Change A f t e r  
Material 24 Hour Esposure 

C U F ~  S o l u t i o n  c o l o r  changed from c o l o r l e s s  
t o  orange .  CuF2 changed from g r a y  t o  
yel low.  

MnO, No change. 

C O F ~  S o l u t i o n  c o l o r  changed from c o l o r l e s s  
t o  da rk  b lue .  CoF3 c o l o r  changed from 
brown t o  b l ack .  

c u  No change. 

No change. 

No change. 

f luorophosphate  ) C O F ~  No change. 

c u  No change. 

3 .  (CH3)4NPF6 CUF 2 Color  of CuF2 changed from l i g h t  
( Te tr a m e  t hy 1 ammonium g ray  t o  d a r k e r  g ray .  

MnOa No change. 

C O F ~  S o l u t i o n  changed from c o l o r l e s s  t o  

c u  No change. 

hexaf  luorophosphate  ) 

f a i n t  r e d ;  CoF3 c o l o r  darkened.  

(N-Phenyl N,N,N- 
t r i m e  t h y  1 ammonium 
hexaf luorophosphate  ) 

MnO;? No change. 

C O F ~  S o l u t i o n  c o l o r  changed from clear 
g ray  t o  c lear  brown. CoF, c o l o r  
darkened.  

c u  No change. 

(Tri-n-propylammonium 
hexaf  l u o r o a r s e n a t e  ) Mn02 S o l u t i o n  c o l o r  somewhat deeper .  

CoF3 S o l u t i o n  c o l o r  somewhat deepe r ;  

cu  No change. 

CoF3 c o l o r  d a r k e r .  
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TABLE V I .  CHEMICAL STABILITY OF CATHODE 

I MATERIALS I N  ELECTROLYTE SOLUTIONS (Continued) 

Tests of Twenty-Four Hours Duration. (Continued) 
C. S t a b i l i t y  i n  Ethylene Carbonate (80 Weight $)- 

Propylene Carbonate (20 Weight $) Solu t ions .  

So lu te  

1. A l C 1 9  

Cathode V i s i b l e  Change Af te r  
Materia 1 24 Hour Exposure 

C U F ~  S o l u t i o n  c o l o r  changed from l i g h t  
brown t o  deep amber. 
changed from gray t o  black.  

CuF2 c o l o r  

Mn02 

C O F ~  

S o l u t i o n  c o l o r  changed from l i g h t  
brown t o  dark green. 

S o l u t i o n  c o l o r  changed from l i g h t  
brown t o  dark blue.  
changed from brown t o  blue.  

CoF3 c o l o r  

cu  No change. 
- 

2. LiCl C U F ~  S o l u t i o n  c o l o r  changed from c o l o r l e s s  
t o  orange-yellow. CuF2 c o l o r  changed 
from gray t o  yellow-green. 

Mn02 No change. 

CoF3 So lu t ion  c o l o r  changed from c o l o r l e s s  

cu  No change. 

t o  b lue .  

( N - (  p-Dodecylbenzyl )N,N,N- 
t r i m e t h y l m o n i u m  hexa- Mn02 No change. 

f luorophosphate ) CoF3 CoF3 c o l o r  darkened. 

cu  No change. 

4.  (CH3)4NPF6 C U F ~  No change. 
(Tetramethylammonium 
hexaf luorophosphate ) Mn02 N o  change. 

C  OF^ CoF3 c o l o r  darkened. 

c u  No change. 
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TABLE V I .  CHEMICAL STABILITY OF CATHODE MATERIALS 
I N  ELECTROLYTE SOLUTIONS (Continued) 

Tests of 24 Hours Duration. (Continued) 
C. S t a b i l i t y  i n  Ethylene Carbonate (80$)- 

Propylene Carbonate (2@) So lu t ions .  (Continued) 

So lu te  
Cathode V i s i b l e  Change A f t e r  
Materia 1 24 Hour Exposure 

5 (c6H5 ) (CH3 )3NPF6 C U F ~  So lu t ion  c o l o r  changed s l i g h t l y  from 
(N-Phenyl N,N,N- l i g h t  gray t o  l i g h t  green. 
trimethylammonium 
hexaf luorophosphate ) MnOa So lu t ion  c o l o r  became green. 

C O F ~  CoF3 c o l o r  darkened appreciably;  

cu  No change. 

s o l u t i o n  c o l o r  became yellow. 

6. (n-C3H7)3NHAsF6 C U F ~  No change. 

Mn02 N o  change. 

CoF3 

c u  No change. 

(Tri-n-propylannnonium 
hexaf luo roa r sena te  ) 

Solu t ion  c o l o r  changed from yellow 
t o  brown; CoF3 darkened. 

7.  ( n - C f i s ) ~ H $ M "  
( D i -n- bu t y 1 ammon i um 
hexaf luo roa r sena te  ) 

C U F ~  No change. 

Mn02 No change. 

CoF3 No change. 

cu No change. 
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TABLE V I .  CHEMICAL STABILITY OF CATHODE 
MATERIALS I N  ELECTROLYTE SOLUTIONS (Continued ) 

Tests of Twenty-Four Hours Duration. (Continued) 
D. S t a b i l i t y  i n  N-Nitrosodimethylamine So lu t ions .  

So lu te  

1. A l C 1 3  

Cathocle V i s i b l e  Change A f t e r  
Ma te r i a l  24 Hour Exposure 

C U F ~  CuF2 c o l o r  changed from l i g h t  gray 
t o  l i g h t  brown. 

Mn02 S o l u t i o n  c o l o r  changed from amber t o  

CoF3 So lu t ion  c o l o r  changed from amber t o  

deep yellow-green. 

dark green; CoF3 c o l o r  changed from 
brown t o  b lue .  

cu  So lu t ion  c o l o r  changed from amber t o  
orange . 

2. LiCl C U F ~  S o l u t i o n  c o l o r  changed from yellow 
t o  amber. CuF2 c o l o r  changed from 
gray t o  yellow. 

Mn02 No change. 

C oF3 

cu  No change. 

S o l u t i o n  c o l o r  changed from yellow 
t o  blue-green. 

3 (P'Cl&5C6H&H2) (CH3)3NPF6 CuF2 So lu t ion  c o l o r  changed from yellow t o  
( N - (  p-Dodecylbenzyl )N,N,N- yellow-green. 
trimethylammonium hexa- 
f luorophosphate ) Mn02 S o l u t i o n  c o l o r  changed from yellow t o  

yellow-green. 

CoF3 S o l u t i o n  c o l o r  changed from yellow t o  
yellow-green. 

c u  So lu t ion  c o l o r  changed from yellow t o  
ye 1 low-green . 
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TABLE V I .  CHEMICAL STABILITY OF CATHODE MATERIALS 
I N  ELECTROLYTE SOLUTIONS (Continued) 

Tests of 24 Hours Duration. (Continued) 
D. S t a b i l i t y  i n  N-Nitrosodimethylamine So lu t ions .  (Continued) 

So lu te  

4. (CH3)dPFe 
( Tetramethylammonium 
hexaf luorophosphate ) 

Cathode V i s i b l e  Change A f t e r  
Mater i a l  24 Hour Exposure 

C U F ~  No change. 

Mn02 No change. 

C  OF^ CoF3 c o l o r  darkened. 

c.u No change. 

(N-Phenyl N,N,N- 
t r i m e  thvlammonium Mn02 No change. 

hexaf l u o r  ophosphate ) CoF3 CoF3 c o l o r  darkened appreciably.  

cu  No change. 

6. (n-C3H7 )3"AsF6 C U F ~  No change. 
( Tri-n-propylammonium Mn02 No change. 
hexaf l uo roa r sena te  ) 

CoF3 CoF3 c o l o r  darkened. 

cu  No change. 

7. ( n-C4H~)2H2NA~F6 
( D i  -n-bu t y 1 ammonium 
hexaf luo roa r sena te  ) 

C U F ~  No change. 

MnOe No change. 

CoF3 No change. 

cu No change. 
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FIGURE 3. VACUUM DISTILLATION APPARATUS FOR PURIFICATION OF SOLVENTS I 117-96 
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